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Abstract 
The Electrochemical Flow Capacitor: Capacitive Energy Storage in Flowable Media 
Christopher R. Dennison 
Electrical energy storage (EES) has emerged as a necessary aspect of grid 
infrastructure to address the increasing problem of grid instability imposed by the large 
scale implementation of renewable energy sources (such as wind or solar) on the grid. 
Rapid energy recovery and storage is critically important to enable immediate and 
continuous utilization of these resources, and provides other benefits to grid operators 
and consumers as well. In past decades, there has been significant progress in the 
development of electrochemical EES technologies which has had an immense impact on 
the consumer and micro-electronics industries. However, these advances primarily 
address small-scale storage, and are often not practical at the grid-scale. 
A new energy storage concept called “the electrochemical flow capacitor (EFC)” 
has been developed at Drexel which has significant potential to be an attractive 
technology for grid-scale energy storage. This new concept exploits the characteristics of 
both supercapacitors and flow batteries, potentially enabling fast response rates with high 
power density, high efficiency, and long cycle lifetime, while decoupling energy storage 
from power output (i.e., scalable energy storage capacity). The unique aspect of this 
concept is the use of flowable carbon-electrolyte slurry (“flowable electrode”) as the 
active material for capacitive energy storage.  
This dissertation work seeks to lay the scientific groundwork necessary to develop 
this new concept into a practical technology, and to test the overarching hypothesis that 
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energy can be capacitively stored and recovered from a flowable media. In line with these 
goals, the objectives of this Ph.D. work are to: i) perform an exploratory investigation of 
the operating principles and demonstrate the technical viability of this new concept and 
ii) establish a scientific framework to assess the key linkages between slurry composition, 
flow cell design, operating conditions and system performance. To achieve these goals, a 
combined experimental and computational approach is undertaken. The technical 
viability of the technology is demonstrated, and in-depth studies are performed to 
understand the coupling between flow rate and slurry conductivity, and localized effects 
arising within the cell. The outlook of EFCs and other flowable electrode technologies is 
assessed, and opportunities for future work are discussed. 
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Chapter 1. Introduction 
1.1 Background 
Electrical energy storage (EES) has emerged as a necessary aspect of grid 
infrastructure to address the increasing problem of grid instability imposed by the large 
scale implementation of renewable energy sources (such as wind or solar). Viable EES 
technologies are also needed to increase the efficiency of existing grid infrastructure. For 
instance, implementing load-leveling and peak-shaving strategies to manage the rapid 
fluctuations in energy demand during the day is essential to increase grid efficiency. 
Rapid energy recovery and storage is critically important to enable immediate and 
continuous utilization of these resources, and provides other benefits to grid operators 
and consumers as well. Current technological solutions for peak shaving, load shaping, 
and ancillary grid services range from mechanical systems such as pumped-storage 
hydroelectricity, compressed air, and fly wheels, to superconducting magnetic energy 
storage and others. However, these technologies are often less scalable and more 
geographically constrained than modular electrochemical systems. In past decades, there 
has been significant progress in the development of electrochemical EES technologies 
which has had an immense impact on the consumer and micro-electronics industries. 
Significant breakthroughs in batteries 1-3 and supercapacitors 4-6 have been made within 
the last two decades. However, these advances primarily address small-scale storage, and 
are often not practical at the grid-scale.  
Flowable electrochemical systems such as redox flow batteries (RFBs)7 are 
alternative technologies primarily considered for grid-scale energy storage. Unlike static 
batteries, the unique aspect of flow-assisted systems is the decoupling of energy and 
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power ratings and, thus, the system energy storage capacity. In these systems, the energy 
storage capacity is determined by the choice of electrolyte and size of electrolyte 
reservoirs while the power handling ability is dependent on the size and quantity of 
electrochemical cell stacks. While the decoupled power/energy storage feature allows 
these systems to be scaled to different applications, the major issue with these systems is 
that they suffer from limited charging rates and relatively brief cycle lifetimes (< 12,000 
cycles), hindering their widespread usage particularly for advanced power management 
applications8. 
In contrast to batteries, supercapacitors demonstrate the performance characteristics 
necessary to address load-leveling, peak-shaving and grid stabilization issues as they 
exhibit rapid charging and discharging. The energy storage mechanism is based on 
physical energy storage via ion electrosorption in the electric double layer (EDL) at the 
interface between the electrolyte and a solid electrode, and is inherently faster than the 
Faradaic (redox) processes used in batteries. When compared to Li-ion batteries, 
supercapacitors provide ~10x higher power density, ~100x faster charge/discharge rates, 
and ~1000x longer lifetimes at a potentially lower cost. Although conventional 
supercapacitors are already considered for use in wind farms and solar farms in 
conjunction with batteries, their high costs and moderate energy density (~20x lower than 
batteries)  hinders their widespread implementation as a stand-alone EES solution 9. 
1.2 The Electrochemical Flow Capacitor 
In 2011, we reported a novel technology, the electrochemical flow capacitor (EFC), 
which can potentially overcome some of the major limitations of supercapacitors 10. This 
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is a fundamentally new concept that has not been explored before and offers a significant 
potential for grid-scale electrical energy storage. The EFC combines the scalable energy 
capacity of flow batteries with the high power ratings of supercapacitors and provides 
decoupled power/energy capacity.  
The electrochemical flow capacitor utilizes a system architecture similar to redox 
flow batteries. The system consists of an electrochemical flow cell for charging and/or 
discharging which is connected to an external circulatory system of pumps and reservoirs 
that contain carbon slurry (Figure 1). The system operation is similar to a redox flow 
battery, molten salt battery or semi-solid flow battery. However, rather than using a 
traditional liquid redox electrolyte as the electrochemically active material, the EFC 
utilizes a flowable, capacitive slurry of porous carbon particles suspended in an 
electrolyte. This ‘flowable electrode’ is analogous to the solid-state electrode found in 
conventional supercapacitors.  
4 
 
 
Figure 1. Schematic of EFC operation. Uncharged slurry is pumped from storage tanks into an 
electrochemical flow cell, where it is charged. Fully charged slurry is then pumped into external 
reservoirs for storage, until the energy is needed again 
Fundamentally, the EFC is based on the same charge storage mechanism as 
supercapacitors, where reversible polarization leads to the formation of the EDL by 
counterbalancing the surface charges of porous electrodes. During operation, uncharged 
slurry is pumped through a polarized flow cell. Within the flow cell, interactions between 
the carbon particles and the current collectors create a network of conductive pathways, 
propagating the applied potential to each connected particle (Figure 2). Accordingly, the 
particles develop a surface charge which is balanced by the electrosorption of counter-
ions from the surrounding electrolyte, forming an electrical double layer (EDL) and 
storing energy. Positively charged solid particles in the slurry attract negatively charged 
ions for charge balancing (and vice versa). This energy storage mechanism is purely 
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physical (e.g., it does not rely on redox reactions), and thus is faster and more efficient. 
Ion diffusion between the electrodes occurs through an ion-permeable electrically 
insulating membrane. Charged slurry is pumped into isolated, external reservoirs where it 
is stored until the stored energy is required, at which time the process is reversed 
(charged slurry is pumped back to the flow cell, where it is discharged before being 
stored uncharged slurry reservoirs). Charging can occur very rapidly, yet power output 
and energy storage are decoupled, overcoming the major limitation of supercapacitors: 
the moderate amount of stored energy. 
 
Figure 2. Formation of the electrical double layer (EDL) within the EFC flow cell. 
1.3 Current Understanding in Flowable Electrode Systems 
The EFC is one particular technology within the broader class of ‘flowable electrode 
systems’ which has emerged since 2011. These systems are distinguished by their use of 
a flowable suspension of particles instead of the freestanding film electrodes found in 
conventional systems. Utilizing a flowable electrode, as opposed to a conventional 
electrode, provides the unique ability to store charge/energy within the suspension, and 
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then pump it outside of the electrochemical cell for storage or further processing. This 
unique aspect of flowable electrodes makes it possible to convert many conventional 
electrochemical systems (e.g. batteries, supercapacitors, etc.) into a more scalable flow-
assisted architecture, similar to flow batteries. 
1.3.1 Related Technologies 
Several technologies utilizing flowable electrodes have been proposed and 
demonstrated for energy storage and water purification. The earliest example (2011) of a 
flowable electrode system is the semi-solid flow cell (SSFC), which is essentially a 
lithium ion based redox flow battery11-20. These systems use a suspension of intercalation 
materials to facilitate the lithiation process common to lithium ion batteries. Thus, the 
amount of intercalation material is not limited by the size of the cell, allowing the 
capacity of the system to be arbitrarily large. 
Another flowable electrode system is a variation on the all-iron redox flow 
battery21,22. In the conventional system, one of the redox reactions results in the 
electrodeposition (plating) of iron onto the surfaces of the porous electrode. As this 
plating reaction proceeds, the pores become filled with iron, limiting the capacity of the 
system according to the size of the electrode. By converting this electrode into a flowable 
suspension, the plating process occurs on mobile particles which can be recirculated and 
stored, similar to the electrolyte in redox flow batteries. Again, by utilizing a mobile 
substrate for the plating reaction, the energy capacity of the system is decoupled from the 
cell geometry. 
7 
 
Another flow battery technology which has recently been enabled by the emergence 
of flowable electrodes is the lithium-polysulfide flow battery23. The lithium-polysulfide 
flow battery utilizes a flowable electrode in order to facilitate the precipitation of the 
redox-active species in solution, greatly enhancing the available energy density. 
Conventional redox flow batteries cannot accommodate the formation of precipitates, as 
these particles tend to block the available electrode surface area and clog fluid pathways. 
However, in the flowable electrode-based lithium-polysulfide flow battery, these 
precipitates flow in suspension along with the electrode particles, avoiding the difficulties 
found in conventional flow battery systems. 
Beyond energy storage applications, the concept of flowable electrodes has also been 
applied to the purification of water. Flow electrode capacitive deionization (FCDI) is an 
adaptation of conventional capacitive deionization (CDI) utilizing flowable 
electrodes24,25. In conventional CDI, salt ions are removed from brackish or salty water  
in a manner similar to supercapacitors – by electrosorbing ions from the solution on the 
surface of porous electrodes. However, these electrodes quickly become saturated with 
ions and need to be ‘discharged’ before desalination can proceed further, resulting in an 
inherently intermittent operating cycle. FCDI systems avoid this difficulty by utilizing a 
flowable electrode, which can be charged in the normal fashion inside a desalination cell, 
and then pumped to a separate cell to be discharged. In this way, the desalination process 
can proceed without interruption. 
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1.3.2 Current Understanding of Flowable Electrode Systems 
The EFC concept is wholly new, and until very recently (November, 2014) has been 
investigated solely at Drexel. However, the major scientific questions pertaining to EFCs 
are directly related to the broader concept of a flowable electrode. Thus, it is necessary to 
be aware of the advances made in the related technologies discussed previously, and to 
attempt to generalize them beyond their specific technology-of-interest. Several 
investigations into flowable electrode rheology, conductivity, capacity enhancement, and 
operation and system design have been performed, and are summarized. 
1.3.2.1 Rheology 
 Rheology is an extremely important consideration for flowable electrode systems. 
Many of the existing applications of FEs take advantage of their ‘flowability’ to transport 
charge and energy from one location to another. In almost all cases, the power required to 
transport the FE constitutes a parasitic loss, lowering the overall efficiency of the system. 
Accordingly, it is often desirable to lower the FE viscosity to the greatest extent possible 
without affecting other aspects of the FEs performance. The apparent viscosity of a FE is 
determined by the properties of the continuous (fluid) phase, interactions between the 
particles in the dispersed phase, and the mutual interactions between the continuous and 
dispersed phases. 
 Often, suspensions such as FEs exhibit non-Newtonian rheological behavior due 
to the presence of a dispersed solid phase (Figure 3). Thus, it is common to characterize 
the viscosity of these fluids over a range of shear rates. To the best of the authors’ 
knowledge, all FEs reported to date have exhibited shear-thinning behavior 10,12,26-28. 
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Aqueous-based FEs were reported to have viscosities ranging from 5 to 0.1 Pa.s 10,26,27, 
while FEs based on organic liquids varied from 3.5 to 0.1 Pa.s over a similar shear rate 
range (5 to 35 sec-1) 12. At higher shear rates, the viscosity of FEs was observed to 
asymptote between 0.001 and 0.018 Pa.s 28. Furthermore, Biesheuvel and co-workers 
noted that the presence of salt in the aqueous continuous phase caused an increase in FE 
viscosity, particularly at lower shear rates 28. Presser and co-workers have noted similar 
behavior as well 29. The effect of salt concentration is an excellent example of 
interactions between the dispersed and continuous phases causing a change in rheological 
behavior.  
 
Figure 3. Rheological behavior of aqueous flowable electrodes used for desalination. All 
suspensions exhibit shear-thinning behavior. Solid mass fraction is highly correlated with 
viscosity. Interestingly, the presence of salt in the continuous phase has a significant effect on 
viscosity as well. 28 
It is well known from slurry science that particle size, shape, and solid loading have a 
significant impact on the rheological behavior of a suspension 30. Gogotsi and co-workers 
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demonstrated the impact of these parameters for the specific case of FEs, studying 
spherical and non-spherical particles with sizes ranging from 5 to ~400 µm 26. They 
observed that spherical particles offer significant rheological advantages versus 
irregularly shaped particles. Moreover, as expected, higher solid loadings were found to 
increase the viscosity of the FE. Interestingly, the lowest viscosity was obtained for 
intermediate sized particles (~160 µm). The authors claim that the broader particle size 
distribution observed for the larger sized particles resulted in a relatively larger viscosity 
versus the more uniformly distributed intermediate sized particles. 
1.3.2.2 Conductivity 
Conductivity is another key parameter considered in the design and evaluation of 
FEs. Unlike conventional freestanding electrodes, in which electrons are conducted 
through established, static pathways, the electronic conductivity in FEs depends on 
particle-particle interactions to create a dynamic, interconnected network for electrons to 
percolate through. When no flow is present, the formation of conductive networks is 
thought to depend on particle stability and aggregation dynamics, and thus is influenced 
by many factors including particle size, particle surface chemistry, and the ionic strength 
of the continuous fluid.  
The earliest work in this area was done by Chiang and co-workers, who measured 
the conductivity of static (non-flowing) suspensions for their SSFC technology. The 
authors reported electrical conductivities of 0.01 and 0.06 mS/cm2 for organic FEs, which 
they note is ~102 smaller than the ionic conductivities measured in their system. 
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Accordingly, electronic conduction is expected to be the rate limiting process under these 
conditions 12. 
During flow, shear within the FE may either act to disrupt aggregate chains or to 
enhance their formation, depending on the characteristics of the suspension. Thus, FE 
conductivity is dependent not only on the composition of the FE, but also the hydraulic 
conditions it is subjected to. Dennison et al. investigated the effect of flow rate on FE 
electronic conductivity for an aqueous EFC slurry. In this work, the lowest electronic 
conductivity was consistently observed under static (no-flow) conditions. When flow was 
introduced to the system, the electronic conductivity was improved, suggesting a more 
connected network of particles under flowing conditions. However, the specific cause of 
this improvement in connectivity remains uncertain, and may be due to enhanced 
formation of aggregate chains, increased frequency of particle-particle collisions, 
boundary layer effects, etc. 31 This study is detailed in greater depth in Chapter 3. 
Recently, Bieshuevel and co-workers measured the conductivity of aqueous FEs 
for FCDI systems, which contained various mass fractions of carbon. The authors 
reported values from ~0.02 to 0.22 mS/cm2 for carbon mass fractions ranging from ~2.5 
to ~23 wt% respectively, at a constant flow rate of 2 ml/min 28.  Their results suggest that 
increasing the loading of conductive particles improves conductivity, perhaps by 
increasing the number of conduction paths within the FE, decreasing the average distance 
between particles and thus increasing the frequency of collisions, etc. 
Among these studies, several different techniques have been utilized to 
experimentally determine FE conductivity. Each of the techniques uses a flow cell 
consisting of two parallel current collectors with a single stream of slurry flowing 
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between two plates. Chiang and co-workers utilized electrochemical impedance 
spectroscopy (EIS) to extract both electronic and ionic conductivities of the FE. EIS was 
applied to the cell, and the resistance at the point of zero reactance was taken to be the 
total ionic resistance of the FE. The electronic resistance was extracted from the low 
frequency data; however, the exact method for doing this was not stated. By precisely 
determining the conduction area and the spacing between the current collectors (which 
combine to give the “cell configuration factor”), the conductivities were calculated 12. 
Our group used a variation on the alternating current (AC) approach. Specifically, we 
took the point of zero reactance to be the electronic resistance of the system rather than 
the ionic resistance, on the basis that electronic conduction takes place over shorter time-
scales, and thus higher frequencies, than ion migration 31.  
Alternatively, Bieshuevel and co-workers utilized a direct-current method to 
determine the electrical resistivity of FE. Again, a single-compartment flow-through cell 
with adjacent current collectors was used. A small potential (50 mV) was applied to the 
cell for 10 minutes. The electrical resistance was determined from Ohm’s law using the 
average current during the last ~1.5 minutes of the measurement period, and corrected by 
the appropriate geometric factors to obtain the conductivity 28. 
At present, only a small number of studies have investigated the electrical 
conductivity of FEs. The conductivity values reported range tremendously (0.01 to 90 
mS/cm2). One possible cause for the disagreement is the diversity of methods employed 
for determining conductivity (Figure 4). While there are important compositional 
differences (aqueous versus organic electrolytes, carbon versus oxide particles, etc.) 
among these FEs which may give rise to conductivity differences, such significant 
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variations highlight the need for further development and standardization of conductivity 
measurement techniques.  
 
Figure 4. Various methods have been used to measure electronic conductivity in flowable 
electrodes. These methods lead to a large variation of measured conductivities. 
1.3.2.3 Capacity 
The capacity of a FE is a key factor for all systems based on FEs. For energy storage, 
the capacity has a direct influence on the volume of FE necessary to satisfy the design 
conditions. Of the factors considered thus far, enhancing the capacity of flowable 
electrode systems is perhaps the most well understood, due to the commonalities between 
FE systems and their analogous conventional (static) systems. Approaches to enhance the 
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capacity of FEs depend on whether the charge storage occurs via redox processes or 
double layer formation. Accordingly, the EFC is somewhat unique as it is currently the 
only flowable electrode technology utilizing EDL storage for grid-scale applications. 
Efforts to increase capacity in EDL-based systems generally follow a specific 
approach. Surface area is a key parameter affecting capacity in EDL-based FE systems. 
To demonstrate this effect, Boota et al. systematically activated carbon spheres under 
different conditions, resulting in incremental enhancements in surface area (from ~500 to 
~1200 m2/g). The authors observed continuous improvement in capacitance with 
increasing surface area, nearly doubling the starting capacitance of the raw material (132 
F/g vs. 70 F/g) 32. 
 Additionally, the electrolyte plays a critical role in determining the capacity of 
these systems. Although neutral aqueous electrolytes are considered inexpensive and 
relatively safe, considerable improvements in capacity may be achieved by utilizing other 
electrolytes. In some cases, simply transitioning to a basic or acidic aqueous electrolyte 
will yield improved energy capacity by shifting the useable voltage window in order to 
avoid decomposition of water 10,27,32,33. The mobility of these ions may also be greater 
than that of neutral salts. More significant improvements in capacity can often be 
achieved by moving to organic or ionic liquid based electrolytes. Zhang et al. 
demonstrated >50% improvement in energy density by using an organic electrolyte, and 
over 10x improvement by switching to an ionic liquid. In the case of the ionic liquid, the 
voltage window was significantly enhanced (3.3V) 27. 
 Another approach for improving capacity which is uniquely available to EDL-
based systems is the incorporation of rapid redox reactions, known as pseudocapacitance. 
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Psuedocapacitance provides another mechanism for charge storage, while generally 
maintaining the desirable transient characteristics of EDL systems. Hatzell et al. 
demonstrated this approach for FE systems by incorporating various concentrations of 
redox mediator (p-phenylenediamine, PPD) into the surrounding electrolyte. This method 
does not require additional modification of the solid, dispersed phase of the FE, and thus 
can be readily applied to EDL-based FEs. By incorporating PPD, the authors were able to 
achieve improvements in capacitance of up to 86%, corresponding to gravimetric 
capacitances greater than 200 F/g 34. Later, Hatzell et al. further explored the applications 
of more conventional metal oxides for storing charging via pseudocapacitance in FEs. 
Composite FEs were prepared from MnO2 and carbon black, and compared against a 
conventional FE based on activated carbon (pure EDL). The use of these composite 
pseudocapacitive FEs was found to enhance capacitance at low scan rates, while 
exhibiting diminished capacitance at higher scan rates due to the more resistive nature of 
the metal oxide particles. However, by using an asymmetric device with an activated 
carbon FE anode and a pseudocapacitive MnO2 composite cathode, the authors 
demonstrated an expanded voltage stability window of up to 1.6V, and improved energy 
and power density 33. 
1.3.2.4 Operation and System Design 
It has been previously demonstrated that both viscosity and conductivity are strongly 
dependent on flow conditions. Thus, the flow conditions present within the cell, and the 
cell design itself, play a key role in the behavior of FEs. The proper design and operation 
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of flowable electrode systems is essential to achieve optimum performance. However, as 
FEs are a relatively new class of systems, few studies have been done in this area. 
 Carter and co-workers developed a 2D model of a FE half-cell, which they used 
to investigate localized effects associated with different intermittent flow regimes. 
Specifically, they investigated the effects of plug flow and Newtonian flow with and 
without slip at the walls. Additionally, the notion of an aliquot factor is defined (the ratio 
of the volume pumped each period to the total volume of the cell) and investigated. The 
authors demonstrated that a critical aliquot factor exists where energy efficiency is 
maximized, depending on the rheology of the FE and the slip conditions present in the 
cell. Under non-ideal flow conditions, displacement of the FE resulted in an inefficient 
distribution of charged and uncharged material (e.g. excessive charged material remains 
inside the cell, limiting the volume available for new uncharged material). Furthermore, 
the authors suggest that continuous flow operation results in additional losses versus 
intermittent flow operation, as evidenced by lower energy efficiency. Accordingly, the 
authors conclude that operating in an intermittent flow regime at the critical aliquot factor 
maximizes energy efficiency and capacity 16. 
 In related work, Presser and co-workers recently demonstrated continuous flow 
operation of an EFC operating in a recirculating mode. Their system utilized two flow 
cells: one for charging/discharging, and one for measuring open circuit voltage (OCV). 
Between the cells were two drip chamber reservoirs, presumably installed to allow 
accurate measurement of the OCV without unwanted electrical communication from the 
charging cell via the bi-conducting FE. Using this setup, the authors were able to 
demonstrate excellent capacitance and coulombic efficiency, given sufficient charging 
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time. In fact, the measured capacitance of the FE even exceeded that of a static film 
electrode of the same material. The authors attributed the improved capacitance in the FE 
format to the elimination of the polymer binder phase, which is known to limit pore 
access in film electrodes 29. 
Beyond this experimental work, several modeling studies have been performed as 
well. Brunnini et al. developed a 3D half-cell model of the system which accounts for 
electrochemistry, charge and mass transport within the cell 14. Using this model, the 
authors explored the effect of the equilibrium voltage behavior of several redox couples. 
Using a redox couple with a relatively constant voltage versus SOC curve was observed 
to improve the energy efficiency of the system by reducing losses resulting from charge 
equilibration within the FE. Later, a 2D model was developed and used to explore several 
aspects of system operation. This model was first introduced in Li et al. and used to 
demonstrate the importance of utilizing a plug flow regime to maximize efficiency 15. 
Later work by Smith et al. further expanded on this notion, examining the effect of 
aliquot factor (fraction of the cell volume displaced by each pumping ‘pulse’) and 
suggesting that continuous flow operation may lead to an undesirable drop in efficiency 
16. Most recently, Smith et al. investigated the severity of electroactive-zone extension in 
FE systems17. Electroactive zone extension is a form of shunt currents which occurs in 
FE systems when the applied current conducts along the fluid pathways, beyond the 
boundaries of the electrochemical cell. The authors demonstrate that for longer channel 
lengths, and sufficiently high current density operation, the efficiency loss due to 
electroactive zone extension can be reasonably small. 
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1.4 Thesis Objectives and Significance 
Clearly, the concept of a ‘flowable electrode’ represents an exciting new paradigm in 
the field of electrochemistry. However, due to the recent emergence of this concept (since 
2011), relatively little is known about the governing phenomena and principles. At 
Drexel, we have developed a new energy storage technology based on flowable 
electrodes called “the electrochemical flow capacitor (EFC)” which has significant 
potential to be an attractive technology for grid-scale energy storage. This new 
technology exploits the characteristics of both supercapacitors and flow batteries, 
potentially enabling rapid charging/discharging (i.e., fast response rates with high power 
density), high efficiency, and long cycle lifetime, while decoupling energy storage from 
power output (i.e., scalable energy storage capacity). 
This PhD work seeks to lay the scientific groundwork necessary to develop this new 
concept into a practical technology, and to test the overarching hypothesis that energy can 
be capacitively stored and recovered from a flowable media. In line with this overarching 
goal, the specific objectives of this Ph.D. work are to: 
 Demonstrate the technical viability of this new concept 
 Establish a scientific framework to assess the key linkages between slurry 
composition, flow cell design, operating conditions, and system performance 
To achieve these objectives, a combined experimental and computational study was 
undertaken, and is detailed in the following chapters. Chapter 2 describes the proof-of-
concept study which was performed to demonstrate the technical viability of the EFC 
concept. Chapter 3 explores the dependence of electron percolation and storage within 
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the suspension on flow rate and flow cell design. Chapter 4 takes a closer look at 
localized conditions arising within the cell during operation, and identifies important 
spatial and temporal limitations. Chapter 5 provides a summary of preliminary 
investigations into the magnitude and causes of self-discharge phenomena in this system. 
Finally, Chapter 6 summarizes the major findings of this dissertation work, discusses the 
outlook for EFC technology, and provides suggestions for future work.  
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Chapter 2. Capacitive Energy Storage in Flowable Media – Proof of Concept 
2.1 Introduction 
The first step toward completion of the thesis objectives was to demonstrate the 
technical viability of the EFC concept by demonstrating the key aspects of system 
operation. Specifically, the following principles needed be demonstrated in order to 
provide a proof-of-concept: i.) electrical charge can be stored and recovered using a 
slurry consisting of carbon particles suspended in a liquid electrolyte; ii.) such slurries are 
flowable and can be pumped with reasonable effort; iii.) after pumping, charge remains 
stored within the slurry, and; iv.) charged slurry retains much of its captured energy after 
storage. These fundamental aspects of the system’s operation needed to be demonstrated 
before any further research and development could be justified. 
2.2 Prototype Cell Development 
In order to demonstrate the proof-of-concept, it was first necessary to develop a static 
cell which could be used to identify and characterize viable slurry compositions under 
non-flowing conditions. The cell needed to provide physical confinement of the slurry, as 
well as a conduction path from each slurry compartment to the external circuit. A 
prismatic cell architecture, similar to that used in conventional supercapacitor research, 
was adopted. This architecture consisted of two half-cells, each containing a metallic 
current collector and a compartment to house the slurry electrode, separated by a porous 
separator (Figure 5) 35. The current collectors were manufactured from stainless steel due 
to its chemical compatibility with a variety of potential electrolytes. The slurry electrodes 
were housed in a compartment defined by the insulating gaskets. The cross-sectional area 
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of the slurry compartment was approximately 1 cm2, and the total volume could be varied 
by changing the thickness of the gasket (and thus the depth of the compartment). Several 
gasket materials, including latex, silicone, Viton and polytetrafluoroethylene (PTFE) 
were tested. However, latex rubber was found to create the best seal, minimizing 
dehydration of the slurry during long-term experiments. Numerous separators based on 
various materials including fiberglass, PTFE, and polyvinylidene fluoride (PVDF) were 
also tested.  
 
 Figure 5. Static cell configuration 35 
A flow cell was also developed to characterize the electrochemical behavior of 
slurries under transient flow conditions. The design requirements for the flow cell were 
identical to the requirements for the static cell, except that the flow cell must also include 
connections to facilitate flow through each slurry compartment (hereby referred to as a 
flow channel for flowing systems). Numerous prototypes were designed and 
manufactured (Figure 6) before a final design was selected (Figure 7). Each prototype 
was assigned a version number (vX, for version number X), ranging from 1 through 7. 
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Flow cell v1 consisted of a single shallow, high aspect ratio (length:width) flow 
channel machined into an aluminum current collector. Hydraulic fittings were installed 
perpendicular to the flow channel to enable slurry flow. Prototype v1 was found to be 
very prone to clogging. It was determined that the clogging was caused because the 
channel depth and width were too similar to the size of a single particle in the slurry, 
resulting in a high likelihood of particles jamming together within the channel. The 
perpendicular inlets were also believed to be problematic, due to the large change of 
inertial direction which is necessary when the particles enter the channel.  
 
Figure 6. Flow cell prototypes, version 1 (v1) through version 6 (v6). 
The current flow cell prototype, v7, is a significant evolution in design from the 
previous prototypes (Figure 7). It uses a parallel-plate, inclined inlet/outlet design similar 
to prototypes v4 through v6. However, the inlet/outlet angle has been reduced to 30° to 
further reduce intertial changes in these regions. Additionally, the inlet and outlet were 
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machined into a PTFE flow body, rather than the metallic current collectors. Instead, the 
current collectors were inset into the flow body, enabling them to be easily removed to 
test different current collector materials and surface coatings/finishes. Isolation valves are 
also installed into the flow body near the inlet and outlet of the flow channel to provide 
both electrical and hydraulic confinement of the slurry within the cell. The cell has a 
projected active area of 2.3 cm2, and the depth of the flow channel can be varied by 
adjusting the thickness of the flow channel gasket. Prototype v7 has been demonstrated to 
produce reliable, repeatable data, and was used to collect all of the flowing performance 
data presented in this chapter. 
 
Figure 7. Current flow cell prototype, version 7 (v7). This prototype features modular current 
collectors, integrated valves, and variable channel geometry. 
2.3 Preliminary Slurry Synthesis 
The very first viable slurry compositions were obtained primarily through an iterative 
trial-and-error process. These early slurry compositions were not intended to demonstrate 
optimal performance, but merely to demonstrate the proof-of-concept and serve as 
baseline data for future optimization efforts.  
+
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The composition of the carbon slurry determines its rheological and electrochemical 
properties. In particular, the concentration of carbon particles, particle size/shape, and 
carrier-fluid (electrolyte) viscosity have a significant effect on the performance of the 
carbon slurry, and can be altered to obtain improvements in rheological and 
electrochemical properties for enhanced slurry flow and EFC performance. For each of 
these parameters, there appears to be range of values within which a viable slurry may be 
obtained. For instance, if no solid particles are present in the slurry (0% solid loading), 
there is no available surface area for charge storage. On the other hand, if the solid 
loading is too high there is insufficient electrolyte to fully utilize the available surface 
area and the rheology of the slurry becomes unfavorable, leading to excessive pumping 
losses. A viable slurry will have a solid fraction between these two extremes. 
In the proof-of-concept study, carbon slurries based on spherical porous carbons with 
a high surface area were tested (Figure 8). In a suspension, spherical carbon beads with a 
narrow particle size distribution provide rheological advantages, minimizing the flow-
induced particle size segregation and clogging, enabling a smooth flow pattern. In 
particular, phenolic-resin-derived activated carbon beads (MAST carbon, United 
Kingdom) with average particle sizes of 161 μm (denoted CB01), 315 μm (CB03), and 
383 μm (CB02) and non-spherical carbide-derived carbon powder obtained from a 
titanium  carbide precursor (TiC-CDC; average particle size ∼2 μm). Slurries of these 
porous carbons were prepared with a conventional 1 M  Na2SO4  aqueous electrolyte. 
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Figure 8. SEM micrographs of the four different carbon materials tested in the study: CB02 
(MAST 250-500; a), CB03 (Antoxineer spherical activated carbon; b), CB01 (MAST 125-250; 
c), and TiC-CDC-1000 (d). 
Slurry preparation was accomplished by mixing carbon beads or CDC particles with 
carbon black (100% compressed; Alfa Aesar, USA) to achieve a 9:1 weight ratio. The 
carbon black was included as a conductive additive. An appropriate amount of electrolyte 
was added to achieve the desired electrolyte-carbon ratio. Additionally, deionized water 
or alcohol was added to the slurry to achieve complete wetting of the carbon materials. 
Once the carbon materials were fully wetted, the slurry was gently heated to remove the 
additional water/alcohol and achieve the desired electrolyte:carbon ratio. All static cell 
tests utilized a 3:1 electrolyte:carbon ratio, except those involving TiC-CDC which 
utilized a 6:1 ratio. Flowing tests were conducted with a slightly more dilute 4:1 ratio, 
due to the improved flowability associated with the increased electrolyte content. 
2.4 Rheological Characterization 
The rheology of these slurries was measured using an AR rheometer (TA 
Instruments, USA)  in a rotational concentric cylinder geometry at room temperature to 
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verify that they can be pumped with reasonable effort and thus are viable for use in a 
flowing system (Figure 9). Specifically, all of the slurries demonstrated shear-thinning 
behavior, as expected for solid suspensions. The viscosities of all slurries were similar to 
honey at the lowest shear rates, and rapidly decreased to that of SAE 10 motor oil at 
higher shear rates. For the values of shear rate expected during normal system operation 
(~30 to 300 s-1), the viscosities of all slurries were found to be comparable with the 
spectrum of SAE motor oils. By extension, it is reasonable to assume that such slurries 
can reasonably be pumped at a large scale. 
 
Figure 9. Rheometry shows shear-thinning related to phase separation of both the 3:1 and 4:1 
liquid-solid mixture (CB01) at 25°C in aqueous electrolyte and propylene carbonate 
2.5 Electrochemical Characterization 
A detailed proof-of-concept study was carried out using a VMP potentiostat 
(Biologic, France) to demonstrate the viability of the proposed concept. Preliminary 
experiments were performed (a) in a static operating mode (i.e., when there is no flow) to 
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assess the ability of a carbon slurry to store and release energy, as well as (b) in an 
intermittent flow mode (i.e., charged slurry is removed from the cell, and then returned to 
the cell to be discharged) to determine the magnitude of the losses resulting from 
hydraulic handling of the slurry 10. The motivation behind these experiments was to show 
that capacitive charge storage and discharging can be achieved with a flowable slurry 
containing a high electrolyte-to-carbon bead ratio. 
In these tests, static cells containing slurries of carbon beads (3:1 mixture) and 
carbide-derived carbon (CDC, 6:1 mixture) were observed to behave pronouncedly 
capacitive when charged to 0.6 V in 1M Na2SO4 (aq) (Figure 10a). We observed 
gravimetric capacitances of 95 F/g and 109 F/g at a scan rate of 2 mV/s for carbon beads 
and CDC, respectively. The electrolyte used in the slurry determines the operating 
voltage limits of the system, and thus is strongly correlated with the slurry energy 
density. Using organic electrolytes (e.g., tetraethylammonium tetrafluoroborate (TEA-
BF4) in propylene carbonate (PC)), energy densities of up to 3.7 Wh/L were observed. 
Encouraged by these findings, it is expected that much larger energy densities for slurries 
containing ionic liquid electrolytes can be achieved, assuming a modest 4V stability 
window and a moderate specific capacitance of ~100 F/g. The initial study with non-
optimized slurry indicates that with further optimization of the slurry composition (via 
use of different carbon materials and electrolytes), a significant improvement in the 
energy density can be achieved. It is important to note that in conventional 
supercapacitors, carbon accounts for about 30 wt% of the total mass. The slurries used in 
this study were 20-25 wt% carbon. Therefore, once the optimized slurry composition is 
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identified, a gravimetric system energy density close to that of today’s packaged 
supercapacitors is possible, albeit at a lower cost. 
Testing using chronoamperometry was also performed to determine the impact of 
hydraulic handling on the stored charge within the slurry. A flow cell (prototype v7) 
containing an organic-based slurry was charged potentiostatically at 0.75V and then 
discharged at 0 V. In the static configuration, we observed a coulombic efficiency of 
98.5% (Figure 10b) after correcting for leakage (shunt) currents, while a slightly lower 
coulombic efficiency of 97.7% was observed in the intermittent flow mode. These initial 
findings indicate that very little stored energy is lost as a result of pumping the charged 
slurry to and from the storage reservoirs, suggesting that charge can be efficiently stored 
and carried in a flow mode.  
In addition to the performance testing in static and flowing modes, extended 
galvanostatic charge/discharge testing was performed in a static cell configuration to 
simulate long-term operation and gauge the change in capacitance of the slurry. The long-
term performance of several slurries has been observed to be quite stable. A coulombic 
efficiency of approximately 99% over 2250 cycles has been observed for the tested 
slurries (Figure 10c), and minimal degradation of the carbon material and electrolyte 
during cycling was observed. These findings suggest that the cycle lifetime of the slurry 
can potentially approach that of commercial supercapacitors (100,000+ cycles). 
Similarly, the self-discharge behavior of the slurries was also observed to be very close to 
static supercapacitors. The open-circuit voltage (OCV) of an aqueous-based slurry was 
observed to decay 84% after 24 hours, while the OCV of an organic-based slurry was 
observed to exhibit much less self-discharge, decaying only 15% after 24 hours. 
29 
 
 
Figure 10. a) Capacitance behavior of carbon beads and TiC-CDC slurries (in 1M Na2SO4) 
charged to 0.6 V at 2 mV/s, b) chronoamperometry data showing an equilibrium capacitance of 
49 F/g for CB01 tested in organic electrolyte with a coulombic efficiency of >98% when the cell 
was charged to 2.7 V and subsequently discharged to 0V, and c) coulombic efficiency versus 
charge/discharge cycles in a static cell. 
2.6 Conclusions 
The EFC represents a new conceptual approach to electrical energy storage system 
design. As the flowable analog to conventional supercapacitors, the EFC has the potential 
to exhibit extremely long cycle lifetime (>1M cycles) and high efficiency, while 
providing much greater scalability for grid-scale applications. 
A proof-of-concept study was undertaken to demonstrate the fundamental operation 
of the system. Both static and flow cells were designed and used to collect baseline data 
for the system. Additionally, several carbon slurries were developed and tested. These 
capacitive carbon slurries were observed to exhibit non-Newtonian shear thinning 
rheological behavior, with viscosities similar to motor oil. When cycled under static 
conditions, very respectable gravimetric capacitances up to 109 F/g were demonstrated 
for flowable, aqueous slurries. This corresponds to an energy density of ~0.3 Wh/L, 
which is comparable to water stored at 100m height. The energy density was 
demonstrated to further increase to 3.7 Wh/L by using alternative (organic) electrolytes 
with a larger stable voltage window. Moreover, the cycling stability of the system was 
(a) (b) (c)
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demonstrated by performing over 2000 cycles with a coulombic efficiency >98%. 
Finally, complete operation in an intermittent flow mode was shown. It was found that 
the Coulombic efficiency under flowing conditions can exceed 97%, when correcting for 
leakage current. 
These results demonstrate all of the fundamental operations of the system, and 
provide a definitive proof-of-concept. Moreover, they justify further investigation of the 
technology.* 
  
                                                 
* Portions of this chapter have been reproduced with permission from John Wiley and Sons under License 
Number 3494850231020 from: Presser, V., Dennison, C.R., et al. The Electrochemical Flow Capacitor: A 
New Concept for Rapid Energy Storage and Recovery. Advanced Energy Materials 2, 895-902, (2012). 
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Chapter 3. Charge Percolation and Storage in Flowable Electrodes 
3.1 Introduction: Conduction in Dynamic Particle Networks 
As flowable electrodes become more widely used for electrical energy storage and 
other applications, a better understanding of how charge percolates within the slurry, and 
how this relates to flow cell design, will be necessary. In order for charge to be stored on 
a carbon particle within the flow cell, the particle must be electrically connected to the 
external load via a conductive pathway. Unlike conventional supercapacitors, which 
utilize solid state film electrodes with well-defined static conduction paths 4,36, the EFC 
utilizes a ‘flowable electrode’ in which charge percolates through a dynamic network of 
conductive particles. The conductive pathways in this network of particles are 
continuously changing under the influence of flow, and it is hypothesized that the 
dynamics of the flow within the flow channel strongly affect charge transport and storage 
within the slurry. Specifically, it is believed that the effective bulk conductivity of the 
slurry is affected by localized variations in conductivity due to particle-particle 
interactions near the walls of the flow channel. The dominance of these localized effects 
is believed to be largely determined by the flow rate and the geometry of the flow 
channel. A thorough understanding of these variables is critical to guide system design 
and operation strategies. 
Motivated by this, the objective of this chapter is to investigate the effects of flow 
channel depth and slurry flow rate on slurry conductivity and effective capacitance and 
provide insight on the fundamental processes governing charge percolation and storage, 
establishing preliminary guidance for the design and operation of EFC systems. The 
interfacial resistance associated with the CC|slurry interface is investigated to better 
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understand the interactions at the interface. Electronic conductivity within the slurry is 
determined using electrochemical impedance spectroscopy (EIS), and correlated to 
practical system design parameters. These changes are then correlated directly to system 
performance by measuring their impact on slurry utilization and capacitance. Finally, the 
effect of salt concentration in the electrolyte on electronic conductivity is investigated to 
understand how the connectivity of the flowable electrode is determined by electrostatic 
interactions between particles 
3.2 Experimental Design and Analysis 
3.2.1 Slurry Preparation and Flow Cell Design 
In this chapter, a slurry consisting of activated carbon suspended in an aqueous 
electrolyte was used. 14 wt% activated carbon (YP-50F, Kuraray Corp., Japan) was 
mixed with 2 wt% carbon black (conductive additive; 100% compressed, Alfa Aesar, 
USA) in a 1M Na2SO4 (anhydrous, Alfa Aesar, USA) aqueous electrolyte solution. A 
known mass of excess deionized water was added to achieve complete wetting of the 
carbon particles, and the mixture was stirred for a minimum of 45 minutes to disperse the 
activated carbon and carbon black. The slurry was then gently heated until the additional 
mass of excess water had evaporated away. At this point, the composition of the slurry 
was assumed to have returned to the mass fractions specified during the initial mixing. 
The final slurry was quite flowable, with a consistency similar to motor oil (Figure 11a). 
The viscosity of carbon slurries was analyzed in our previous study 37, and found to be 
shear-thinning with viscosities ranging from approximately 10 to 0.01 Pa·s. 
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A flow cell consisting of polytetrafluoroethylene (PTFE) end plates, bi-layer stainless 
steel/graphite foil current collectors, and latex flow channel gaskets was used to conduct 
the measurements (Figure 11). A polyvinylidene fluoride (PVDF) separator (100 nm 
mesh width, Durapore, Merck Millipore, Germany) was used to separate the cell into two 
compartments during capacitance measurements (Figure 12a). The flow channel was 
approximately 6 mm wide and 39 mm long. Flow channel gaskets of known thickness 
were stacked in order to achieve the desired channel depth for each experiment. The flow 
rate of slurry through the cell was controlled using a syringe pump (KD Scientific 
KDS220). All electrochemical measurements were performed using a VSP 
potentiostat/galvanostat (Biologic, France) in a two-electrode configuration. 
 
Figure 11. a) Flowable carbon slurry, b) photograph of cell components and c) schematic of the 
flow cell used in this chapter. 
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3.2.2 Conductivity Measurements 
Conductivity measurements were conducted in a manner similar to 12. The flow cell 
was assembled in a single-compartment configuration with slurry flowing between the 
adjacent current collectors (Figure 12b). Volumetric flow rates (?̇?) of 0, 1, 2, 5 and 10 ml 
min-1 were tested in this configuration for channel depths (d) ranging from 1 to 3 mm, in 
0.5 mm increments.  
 
Figure 12. a) Two-compartment configuration used in conjunction with chronoamperometry to 
measure slurry capacitance, and b) one-compartment configuration used in conjunction with 
electrochemical impedance spectroscopy to measure conductivity. 
Potentiodynamic electrochemical impedance spectroscopy (PEIS) was used to assess 
the electronic conductivity of the slurry under flowing and static conditions. The overall 
resistance of the system was taken to be the real component of the impedance when the 
imaginary impedance equals zero. When the spectrum is plotted on a Nyquist diagram, 
this resistance value occurs where the high-frequency spectrum intersects the real axis. 
This intersection occurred at ~300 kHz for the conditions presented. At this high 
frequency, the measured impedance is assumed to be dominated by the conduction of 
electrons through the solid phase of the slurry, rather than the migration of ions through 
the electrolyte which is thought to be a slower process. To ensure sufficient sampling 
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time and reduce the amount of slurry consumed during each test, the PEIS frequency 
range was limited to 1 MHz to 100 kHz. Five PEIS sweeps were performed for each flow 
condition in order to provide greater confidence in the measurements.  
It is important to note that the values measured using this method include the resistive 
contribution of the current collectors (CCs) and the CC|slurry interfaces, as well as the 
slurry itself. In order to isolate the ohmic contribution of the slurry (Rslurry), the measured 
resistance (Rmeasured) was plotted as a function of channel depth and a linear fit was 
applied to the data. The resistance of the system at a channel depth of 0 mm (i.e. 
hypothetical channel depth) was extrapolated and taken to be the cumulative resistance 
associated with the fixed cell components (Rfixed, CCs + CC|slurry interface). Rslurry was 
then computed according to: 
 𝑅𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑅𝑚𝑚𝑚𝑠𝑠𝑠𝑚𝑚 − 𝑅𝑓𝑓𝑓𝑚𝑚  (1) 
All conductivity measurements presented in this chapter are based on this calculation of 
Rslurry. 
3.2.3 Capacitance Measurements 
 The same approach described by Chiang and co-workers 10 was used in this study 
to measure the intrinsic capacitance of the system as a function of channel depth. The 
flow cell was assembled in a conventional two-compartment configuration (Figure 12a), 
with channel depths ranging from 0.5 to 3 mm. Cyclic voltammetry (CV) was used to 
provide baseline data for the cell and slurry under static conditions. However, 
conventional techniques for measuring capacitance, such as CV, are not appropriate for 
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characterizing the capacitance of the EFC under flowing conditions because these 
techniques do not account for the flux of slurry through the cell during the experiment. 
Rather, to measure capacitance under flowing conditions an intermittent flow regime was 
adopted and the technique of chronoamperometry was applied to charge and discharge 
the slurry (Figure 13). In this approach, a slug of uncharged slurry was pumped into to 
the cell and charged potentiostatically at 1V for 1 hour. During this potentiostatic period, 
the majority of the charging occurs in the first few minutes. The charged slug was 
pumped out of the cell into insulating polymer tubing, and then returned to the cell where 
it was discharged potentiostatically at 0V for 1 hour. Again, the majority of the stored 
charge is recovered during the first few minutes of discharge. The gravimetric 
capacitance, Cgr, was extracted from the discharge curves according to: 
 𝐶𝑔𝑠 = 2∆𝐸∙∫ 𝑓𝑚𝑖𝑚  (2) 
where ΔE is the discharge voltage window, and m is the mass of carbon in one electrode. 
The volumetric capacitance, Cvol, was the calculated as: 
 𝐶𝑣𝑣𝑠 = 𝐶𝑔𝑠 ∙ 𝜌𝑐𝑚𝑠𝑐𝑣𝑛 (3) 
where ρcarbon is the carbon density of the slurry. For the slurry used in this study, ρcarbon ≈ 
0.2 g ml-1. 
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Figure 13. Typical chronoampereometry data obtained at a channel depth of 0.5mm. The cell is 
first charge potentiostatically at 1V for 60 minutes (blue curve). At 60 minutes, the slurry is 
pumped out of the cell, and then returned to the cell and discharged potentiostatically at 0V 
(black curve). 
3.3 Role of Debye Screening in Bulk Slurry Conductivity 
The conductivity of aqueous slurries containing different concentrations of sodium 
sulfate salt was measured at varying channel depths under static (no flow) conditions, and 
found to vary greatly according to the concentration of salt in the electrolyte. Figure 14 
shows the effect of salt concentration on bulk electronic resistance, as well as electronic 
conductivity.  
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Figure 14. Effect of channel depth on measured slurry a) resistance, and b) conductivity for 3 
different salt concentrations. 
It is observed that lower salt concentrations result in a greater dependence of 
electronic resistance on channel depth (Figure 14b), indicating a decrease in electronic 
conductivity. Figure 14b supports this observation, indicating that the conductivity for the 
1.0M and 1.25M solutions are approximately constant at all channel depths tested. At 
0.5M, a decrease in conductivity with increasing channel depth is observed. The cause of 
this decreasing trend is not clear. In general, however, increased salt concentration is 
correlated with increased average conductivity. A 10% increase in electronic conductivity 
is observed between 0.5M and 1.0M, while an even larger improvement is noted at 
1.25M (~25% increase). It is interesting that the electronic conductivity in the solid phase 
of the slurry is dependent on the concentration of salt in the liquid phase. It is believed 
that this dependence is caused by changes in the electrostatic interactions between 
particles, leading to a better connected particle network at higher ion concentrations. At 
higher salt concentrations, the electrical field associated with the electrical double layer is 
increasingly screened by the mobile ions in the electrolyte 38,39. As a result of this 
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screening, repulsion between individual particles will be reduced allowing aggregate 
chains to form more readily 39-41 and function as conduction paths within the slurry. 
However, there is a tradeoff between the conductivity and stability of the slurry. 
Although the formation of large aggregates is beneficial for charge percolation through 
the slurry, larger aggregates are likely to precipitate out of suspension, reducing the 
useful life of the slurry and potentially requiring ‘re-suspension’. These competing 
factors will need to be balanced in optimized slurry formulations. In many cases, the 
forces experienced during flow may be sufficient to prevent the formation of unstable 
aggregates, allowing higher salt concentrations to be used to achieve improved 
conductivity. However, mechanical agitation may be incorporated as well to maintain the 
suspension of particles in slurries with very high salt concentrations. 
3.4 Interfacial Resistance 
Figure 15 shows the variation of Rfixed with flow rate. Under static conditions, Rfixed 
was found to have a value of 173 mΩ. At intermediate flow rates (2 to 5 ml min-1), Rfixed 
nearly doubles in value from 173 mΩ to 308 mΩ, indicating much less facile conduction 
across the interface under these flow conditions. However, at the highest flow rate tested, 
Rfixed was observed to again decrease to 172 mΩ, slightly less than observed under static 
conditions. 
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Figure 15. Calculated resistance of the fixed cell components. The observed variation with flow 
rate is believed to be due to changes in the interfacial resistance at the CC|slurry interface. 
It was initially believed that the contribution of Rfixed would be negligible 
compared to the resistance of the flowable slurry electrode, because charge percolation 
within the slurry is limited by dynamic particle-particle interactions rather than 
established solid-state conduction pathways. However, it was found that the contribution 
of Rfixed is quite significant, and varies considerably with changes in flow rate. In some 
cases nearly 40% of the total measured resistance was due to the ohmic contributions of 
the fixed cell components, namely; solid-state conduction within the CCs and interfacial 
resistance across the CC|slurry interfaces 4,42. Solid-state conduction within the CCs is 
determined by material properties and assumed to be constant for all cases. Thus, the 
significant variation observed in Figure 15 can be attributed to flow-induced changes in 
the interfacial resistance across the CC|slurry interface. 
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The relatively low resistance measured under static flow conditions (0 ml min-1) is 
believed to be caused by the presence of quasi-static conduction sites (contact points) at 
the interface. These conduction sites are relatively constant due to the absence of flow, 
and provide a consistent conduction path across the interface, resulting in a relatively low 
interfacial resistance. As flow is applied, conduction across the interface becomes a 
stochastic process dependent on the frequency and duration of particle collisions. At low 
flow rates, these particle collisions are expected to be relatively infrequent, leading to the 
observed increase in interfacial resistance. Beyond a certain point (~5 ml min-1), 
however, flow conditions near the surface cause very frequent, albeit brief, collisions 
resulting in the rapid decrease in interfacial resistance observed at higher flow rates. 
It is clear that the resistance across this interface can be quite significant, and is 
affected by the flow conditions within the cell. In practice, an EFC operating in an 
intermittent flow regime (i.e. 0 ml min-1 flow rate during charging/discharging) should 
exhibit relatively low interfacial resistance. However, for continuous flow operation 
higher flow rates are desirable in order to minimize resistive losses across the interface. 
The magnitude of these losses is also expected to be affected by other factors, such as the 
surface roughness of the current collectors, inertial effects near the inlet/outlet of the 
channel, and the development of flow along the length of the channel, however these are 
outside the scope of the present study. Further study of these effects is necessary to better 
understand charge conduction across this key interface. 
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3.5 Effect of Flow Rate and Shear on Bulk Slurry Conductivity 
The bulk electronic resistance of the carbon slurry is plotted as a function of channel 
depth in Figure 16a. The resistance of the slurry was observed to increase approximately 
linearly with increasing channel depth for all flow conditions tested. Some variation is 
seen in the conductivity of the slurry (Figure 16b). The lowest conductivity values are 
observed under static conditions (0 ml min-1), while the highest conductivity values 
occurred at intermediate flow rates (2 and 5 ml min-1). The bulk slurry conductivity was 
generally >0.5 S m-1 greater at 2 and 5 ml min-1 than in the other cases tested. 
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Figure 16. Measured slurry a) resistance and b) conductivity as a function of channel depth for 5 
different flow rates. Measured conductivity as a function of flow velocity is plotted in c) for 5 
different channel depths. 
The observed variations in conductivity may be the result of boundary layer effects, 
however the exact cause of these variations requires further investigation into the 
dynamics of the flow within the channel. For example, if the boundary layers are very 
thick (e.g. at low flow rates, assuming constant viscosity), the ‘free stream’ region within 
the channel will be relatively small 43 and the measured conductivity will be dominated 
by the average conductivity within the boundary layers. In extreme cases (e.g., very low 
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flow rates, small channel depth, high viscosity), it is possible that the boundary layers of 
adjacent walls may even intersect, creating an interaction region with unique conductivity 
characteristics. As boundary layer thickness decreases (e.g. as flow rate increases), the 
measured conductivity approaches the conductivity in the free stream region of flow 44.  
For these reasons, it is instructive to analyze the conductivity in terms of the average 
velocity of the slurry within the channel as a corollary for boundary layer thickness. 
Figure 16c shows the effect of flow velocity on conductivity for various channel depths. 
As seen in Figure 16c, the flow conditions tested in this study span a broad spectrum of 
velocity, from 0 to 30 mm sec-1. Again, the intermediate flow rate cases (i.e. 2 and 5 ml 
min-1) at each channel depth result in the highest conductivity as compared to the other 
flow rates tested. However, it is also observed that the peak conductivity values occur at 
vastly different velocities depending on the channel depth.  
These results further suggest the importance of boundary layers in determining the 
performance of the system. Analysis of these scenarios is complicated by the shear-
thinning behavior of the slurry, and the development of flow along the length of the flow 
channel. Shear-thinning slurries will produce very different velocity profiles than 
Newtonian fluids would 30,44, and the geometry of the channel will determine the 
dominance of inertial effects near the inlet/outlet, potentially leading to large spatial 
conductivity gradients along the length of the channel 43. As previously noted, the 
approach proposed here can only resolve volume averaged properties. Computational 
studies are necessary to gain a full understanding of the coupling between these effects 
and their impact on conductivity. 
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3.6 Charge Transport Length and Capacitance 
In order to understand the coupling between the observed variations in conductivity 
and overall system performance, the intrinsic capacitance of the system was measured as 
a function of channel depth and shown in Figure 17. The intrinsic capacitance was 
observed to decrease as the channel depth is increased, from over 30 F ml-1 (~150 F g-1) 
at a channel depth of 0.5 mm to less than 5 F ml-1 (~23 F g-1) at 3 mm. 
 
Figure 17. Discharge capacitance as a function of channel depth for intermittent flow operation. 
It is important to recall that the capacitance values measured represent the intrinsic 
capacitance of the slurry and are not significantly affected by charging rate or other 
operating parameters. The intrinsic capacitance measured at 0.5 mm channel depth is 
more than 2x higher than the value measured using cyclic voltammetry at 2 mV s-1 in 
Section 3.1. This indicates a significant rate-limitation associated with the cell/slurry 
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system used in this study, and further underscores the importance of minimizing resistive 
losses in these systems. 
Furthermore, Figure 17 demonstrates that maximum utilization of the slurry is 
achieved at low channel depths. This same trend has been observed in conventional film 
electrodes based on both activated carbon, as well as carbon nanotubes 45. The 
underutilization observed in thicker electrodes likely occurs because ohmic losses result 
in a significant potential gradient through the thickness of the electrode. As a result, 
material which is further away from the current collector will be charged to a lower 
potential, limiting the materials capacity to adsorb ions. The same potential drop is 
expected to have a further impact on the rate performance of the slurry under transient 
conditions, further reducing material utilization. As a consequence, from an engineering 
perspective it is advantageous to utilize very shallow channel depths to ensure maximum 
material utilization and power-handling. However, it is important to note that the 
hydraulic cross-section of the flow channel is reduced at shallow channel depths. Thus, 
for the same flow rate a larger pressure drop is expected occur across the cell, which will 
require additional pumping power. However, due to the shear-thinning behavior of the 
slurry, the increase in pressure drop will likely be lower than expected for a similar 
Newtonian fluid. Accordingly, the channel depth in an optimized system will have to be 
selected in order to balance the improved utilization of the slurry with increased pumping 
losses. 
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3.7 Conclusions 
The performance of EFC slurry electrodes were measured as a function of flow rate 
and channel depth. System performance was characterized in terms of slurry conductivity 
and capacitance for channel depths from 0.5 to 3 mm, and flow rates ranging from 0 to 10 
ml min-1. The interfacial resistance associated with the current collector|slurry interface 
was found to be minimized for both static flow conditions (0 ml min-1) and high flow 
conditions (10 ml min-1). Conversely, the electronic conductivity of the slurry was 
maximized at intermediate flow rates (2 to 5 ml min-1). Channel depth had a similar 
influence on conductivity, displaying local minima at 2 mm for all cases. Very 
respectable capacitance values of up to ~30 F ml-1 (150 F g-1) were obtained during 
intermittent flow operation at a channel depth of 0.5 mm. However, rapid decay in 
capacitance was observed as channel depth was increased, indicating significant 
underutilization of the slurry at larger channel depths due to Ohmic losses in the system. 
Finally, the concentration of ions was found to have a strong effect on conductivity, 
likely due to changes in electrostatic forces between particles. 
The present work provides the first insight into the design and operation of EFC 
systems, and highlights areas for further optimization. Based on the initial trends 
identified in this study, it appears that future optimization efforts should attempt to better 
understand the coupling between cell geometry, slurry composition, and operating 
conditions in order to effectively balance the competing effects of slurry utilization, 
interfacial and bulk slurry resistance, and hydraulic losses associated with pumping. This 
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study indicates the existence of synergies between many of these parameters which may 
be used to maximize the performance of the system.* 
  
                                                 
*Portions of this chapter have been reproduced under Elsevier’s provisions for Author’s Rights, from: 
Dennison, C. R. et al. Effects of flow cell design on charge percolation and storage in the carbon slurry 
electrodes of electrochemical flow capacitors. Journal of Power Sources 247, 489-496, (2014).  
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Chapter 4. Spatial and Temporal Limitations in Flowable Electrodes 
4.1 Introduction: Localized Transport Limitations 
In this chapter, specific localized phenomena are investigated to better understand the 
significant underutilization of the active material observed in Chapter 3. Although 
numerous experimental techniques have been reported in literature to study conventional 
(static) film electrodes, there is no established technique that can capture the local 
physicochemical phenomena in-situ within the suspension during operation. Due to the 
flow-assisted nature of the EFC, the flowable electrodes are governed by suspension 
dynamics, and thus are expected to be highly anisotropic and dependent on flow 
conditions, making them more challenging to characterize than conventional electrodes. 
High fidelity tools are needed in order to investigate these effects and characterize the 
behavior of this new class of electrodes in-situ.  
Motivated by this need, in this chapter, an in-situ distributed diagnostics approach for 
flowable electrode systems is introduced which enables the quantification of spatial and 
temporal gradients of key system parameters during operation. This approach is applied 
to an electrochemical flow capacitor system, to assess the local charge transport and 
storage within the suspension during operation. 
The working principle of the in-situ diagnostic approach is similar to that of Hess et 
al46 and Suss et al.47, utilizing a coupled experimental and modeling approach. Custom 
electrode arrays were designed and fabricated to measure the slurry voltage at precise 
locations within the cell. Using these electrode arrays, distributed voltage measurements 
were collected under static and flowing conditions in order to characterize localized 
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effects within the cell. These distributed measurements were then used to parameterize an 
equivalent circuit model of the system in order to predict additional localized phenomena. 
To accomplish this, a new electrical circuit element was developed which accounts for 
charge storage and transport within a flowable media (e.g., flowable electrode). This new 
‘flow capacitor’ circuit element is built on a mathematical framework which can be 
extended to other flowable electrode systems. Once the model was parameterized using 
the experimental data, it was used to predict additional spatial and temporal distributions 
of key system parameters occurring within the flow cell, including the capacitive 
charging current and state-of-charge distributions. 
4.2 Distributed Diagnostics 
4.2.1 Flow Cell Design & Distributed Voltage Measurements 
The flow cell utilized in this study is similar to our previous studies10,31, consisting of 
two flow channels separated by two layers of porous polyvinylidene fluoride (PVDF) 
separator (100 nm mesh width, Durapore®, EMD Millipore©). Electrical communication 
with the slurry in the flow channel was obtained using graphite current collectors. The 
flow cell hardware is shown in Figure 18a. 
In order to measure the localized voltage within the cell, voltage probes are needed at 
specific locations within the flow channel (Figure 18a). To accomplish this, special 
electrode arrays were designed and used in place of the conventional flow channel 
gaskets (Figure 18b). Holes were introduced at specific locations within the channel to 
hold 0.74 mm diameter stainless steel wires, which were used as voltage probes. Two 
types of electrode arrays were designed to resolve the voltage distribution; along the 
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channel from the inlet to the outlet (direction of flow, denoted as the x-axis in this study, 
Figure 18c), and from the current collector to the separator (primary direction of charge 
transport, denoted as the z-axis in this study, Figure 18c). The positions of the electrodes 
for each orientation are shown schematically in Figure 18. 
 
Figure 18. a) Conventional flow cell components and b) specially designed electrode arrays to be 
used in place of the flow channel gaskets. c) 3D rendering of one half-cell showing the direction 
of slurry flow, and the principal axes used in this study. Schematics of the positions of each 
electrode in the d) z-axis array and e) the x-axis array. All dimensions are shown in mm. 
Once designed, the electrode arrays were 3D printed (MakerBot Replicator 2©) using 
polylactic acid (PLA, MakerBot Industries) filament. After printing, the stainless steel 
wires were installed into the electrode arrays and sealed in place using a viscous 
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cyanoacrylate gel adhesive. After manufacturing, the electrode arrays were installed in 
the flow cell. To provide sealing and electrical isolation between components, thin, 
disposable gaskets were cut from Parafilm© (Bemis Flexible Packaging, 0.1 mm 
compressed thickness) and installed between each layer of the cell. A silver chloride 
(AgCl) coated silver wire was installed between the separator layers and used as a quasi-
reference electrode during the tests. This quasi-reference electrode was installed several 
milimeters from the active area of the cell to ensure that the voltage measurements were 
not affected by the ionic current crossing the separator48,49. The quasi-reference electrode 
was also periodically replaced to ensure reliable measurements. The potential of each 
quasi-reference electrode was compared to a proper Ag/AgCl reference electrode (Gamry 
Instruments) in the same electrolyte used in the slurry (1M Na2SO4), and the observed 
voltage difference was consistently within ±50 mV. 
4.2.2 System Operation & Data Acquisition 
In this chapter, voltage distribution measurements were collected during 
potentiostatic charge/discharge operation. A Biologic VSP potentiostat was used to 
charge the system at a constant 1V (versus counter electrode, i.e., two-electrode 
operation) for 30 minutes, and then discharged at a constant 0V for 30 minutes. 
During this type of electrical operation, two flow modes were investigated: static (no 
flow) and continuous flow. For continuous flow tests, a syringe pump (Chemyx Fusion 
Touch 200©) was used to draw slurry through the cell at a flow rate of 8 ml/hr during the 
potentiostatic charging step. At the beginning of the discharge step, the pump was 
reversed, and the charged slurry was pumped back through the cell at a flow rate of 8 
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ml/hr. The flow rate used in these tests (8 ml/hr) yields a residence time of ~160s. For 
static tests, slurry was pumped into the flow cell prior to the test using a syringe. Once 
the cell was completely full, the inlet and outlet ports were capped to ensure that the cell 
was hydraulically and electrically confined prior testing.  
Throughout charging and discharging, distributed voltage measurements were 
collected using a National Instruments data acquisition system (NI-USB-6210) and 
LabView software. At least one analog channel on the data was allocated for each in-situ 
voltage probe installed in the cell. The data acquisition system was synchronized with the 
potentiostat using digital triggering signals provided by the auxiliary control functionality 
of the potentiostat. After the data acquisition system was triggered, measurements were 
collected at a rate of 1 Hz, although significantly higher data acquisition rates are 
possible to capture more dynamic behavior.  
4.3 Equivalent Circuit Modeling 
4.3.1 Uni-Axial Model Development 
In order to accurately characterize the localized behavior of the slurry during 
operation, equivalent circuit models were designed to represent the processes occurring 
across the channel (z-axis) and along the channel (x-axis). This approach essentially 
discretizes the cell into volume elements along the axis of interest. Each volume element 
in the domain is described by an appropriate resistor-capacitor (RC) circuit segment. 
These circuit designs are shown in Figure 19, along with the key parameters for each 
circuit element.  
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One unique aspect of this approach is the use of ‘flow capacitor’ circuit elements, 
rather than conventional capacitor elements in these circuits. The circuit used to describe 
the behavior of the system along the z-axis (Figure 19a) is equivalent to the de Levie 
transmission line model50, using flow capacitor circuit elements (Cf) in place of 
conventional capacitors. However, for this analysis, each repeating RCf ‘segment’ is used 
to describe the bulk behavior of a volume of slurry at a specific distance from the current 
collector, rather than describing the charging behavior within the pore structure of a 
material. The top branch of series resistors represents resistive losses as electrons 
percolate through the solid network of the slurry. The electronic resistance in each 
volume element, or ‘slice’, along the z-axis of the cell is represented by Re. The parallel 
flow capacitor elements represent the available capacitance within each volume element, 
and are described by the equivalent capacitance, Cf. The lower branch of series resistors 
represents the resistive losses as ions propagate through the liquid phase of the slurry, 
where the ionic resistance in each volume element is denoted Ri. Additionally, a high-
impedance shunt resistor, Rshunt (not pictured), is connected in parallel with the capacitor 
to account for any parasitic losses due to faradaic processes within the volume element. 
 In this study, 6 Re-Cf||Rshunt-Ri segments (where ‘-‘ indicates the components are in 
series, while ‘||’ indicates the components are in parallel) were used to model each half-
cell, each representing a 0.25 mm thick ‘slice’ along the z-axis of the channel. The two 
halves of the circuit are coupled together by the series resistor Rsep, which represents the 
resistance of the separator and is connected to the ionic branches of the circuit 
accordingly. Finally, additional resistors, Rif, were placed in series at the positive and 
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negative terminals of the circuit to represent the resistance at the current-collector|slurry 
interfaces31. 
 
Figure 19. Equivalent circuit models used to analyze the distributed measurements along the a) z-
axis, and b) x-axis. Please note that the shunt resistor, Rshunt, has been omitted for clarity. 
The equivalent circuit used to represent the behavior of the system along the x-axis is 
shown in Figure 19b. Again, this circuit uses multiple Re-Cf||Rshunt-Ri segments to 
represent the behavior of discrete volume elements within each half cell. However, in this 
case these segments are connected in parallel since the potentiostatic boundary conditions 
at the current collectors are assumed to be constant at all locations. As a result of this 
parallel arrangement, the interfacial resistance, Rif, and separator resistance, Rsep, were not 
explicitly implemented in the circuit. Rather, Re represents the sum of the interfacial 
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resistance and bulk electronic resistance, and Ri represents the sum of the separator 
resistance and bulk ionic resistance of the slurry. 
4.3.2 ‘Flow Capacitor’ Circuit Element 
A major challenge of the equivalent circuit modeling approach used in this study is 
that traditional capacitor elements assume that the charged media is stationary and 
remains within the cell at all times. This is not the case for EFCs and other flowable 
electrode systems. In these systems, the flowable electrode may be charged inside the 
cell, and then hydraulically transported to an external tank, or to another cell. Thus, 
charge may be transported both electrically and hydraulically. 
In order to overcome the limitations of conventional capacitor elements and couple 
the hydraulic conditions of the system with the electrical behavior, a ‘flow capacitor’ 
circuit element was developed, using the mathematical framework for conventional 
capacitors as a starting point. In many numerical schemes, the conventional capacitor 
element is described by a system of two equations which are solved simultaneously. The 
voltage across the terminals of the capacitor, V, is described by: 
 𝑉 = 𝐼𝑚𝑠𝑚𝑐𝑅𝑓𝑛𝑖 + 𝑉𝑓𝑚𝑚𝑚𝑠 (4) 
where Ielec is the electrical current supplied, Rint is the internal resistance of the device, 
and Videal is the equivalent voltage of an ‘ideal’ capacitor (i.e., without internal 
resistance). Similarly, the electrical current supplied to the capacitor is calculated from: 
 𝐼𝑚𝑠𝑚𝑐 = 𝐶 𝑚𝑉𝑖𝑖𝑖𝑖𝑖𝑚𝑖  (5) 
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where C is the capacitance of the circuit element, and 𝑚𝑉𝑖𝑖𝑖𝑖𝑖
𝑚𝑖
 is the numerical 
derivative of Videal with respect to time. 
Fundamentally, the flow of a charged fluid, such as the slurry electrode used in this 
work, is analogous to electrical current and may be treated in much the same way. 
However, this ‘hydraulic current’ flows through a separate hydraulic circuit, rather than 
an electrical circuit. The flow capacitor element may be thought of as an intersection 
where the hydraulic circuit and the electrical circuit interact and exchange charge. 
Accordingly, the flow capacitor element consists of four ports: two ports representing the 
traditional electrical circuit connections; and two additional ports representing the 
connection to the hydraulic circuit. We have introduced a new term, Ih, to represent the 
‘hydraulic current’ introduced or removed via the hydraulic circuit. It is important to note 
that the hydraulic current entering a flow capacitor element, Ih,in, is not necessarily 
equivalent to the hydraulic current leaving a flow capacitor element, Ih,out. By treating the 
flow capacitor as an electrical junction between the hydraulic and electronic circuits, we 
can apply Kirchhoff’s junction rule to derive the following governing equations: 
 𝑉 = (𝐼𝑚𝑠𝑚𝑐 + 𝐼ℎ,𝑓𝑛 − 𝐼ℎ,𝑣𝑠𝑖)𝑅𝑓𝑛𝑖 + 𝑉𝑓𝑚𝑚𝑚𝑠 (6) 
 𝐼𝑚𝑠𝑚𝑐 + 𝐼ℎ,𝑓𝑛 − 𝐼ℎ,𝑣𝑠𝑖 = 𝐶 𝑚𝑉𝑖𝑖𝑖𝑖𝑖𝑚𝑖  (7) 
Assuming uni-directional flow, Ih,out is calculated as: 
 𝐼ℎ,𝑣𝑠𝑖 = 𝐶𝑉𝑖𝑖𝑖𝑖𝑖?̇?𝑉  (8) 
Equations 3-5 constitute the mathematical framework used to represent flow capacitor 
elements in this study. It is worth noting that this mathematical framework is not strictly 
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limited to capacitive flowable electrode systems. The notion of ‘hydraulic current’ is 
applicable to all flowable electrode systems. 
4.3.3 Model Parameterization and Simulation 
The flow capacitor circuit element and the equivalent circuits described above were 
implemented in Simulink® using the Simscape™ physical modeling environment 
(MathWorks®), and the provided ode23t numerical solver. The parameter estimation was 
carried out using the Simulink Design Optimization toolbox (MathWorks®) in order to 
determine the appropriate values for each of the circuit elements. The spatially-resolved 
voltage data obtained experimentally was used as an input to parameterize the equivalent 
circuit, in much the same way that electrochemical impedance spectroscopy data is used 
to parameterize an equivalent circuit model. In this study, each voltage measurement was 
matched to an analogous location within the equivalent circuit. The Design Optimization 
toolbox then generated an objective function which accounts for the error between the 
model prediction and the experimental data provided for each location. An iterative 
Simplex solving algorithm was used to minimize the objective function (and thus the 
error between the model prediction and the experimental data) by varying the circuit 
parameters. The parameterization process was terminated when a tolerance of 10-8 was 
satisfied. 
Once the circuit parameters were successfully estimated, these models were used to 
further predict the local phenomena occurring within the cell. In particular, they were 
used to spatially resolve the electronic and ionic current density, capacitive charging 
current, hydraulic current, and state-of-charge (SOC) under normal operating conditions. 
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4.4 Z-Axis Resolved Measurements and Simulations 
Figure 20 shows the distributed voltage data along the z-axis (across channel, from 
current collector to separator) for a single charge-discharge cycle. The data presented has 
been smoothed using a Savitzky-Golay filter to reduce measurement noise. 0V on the 
vertical axis represents the resting potential of both electrodes at 0% SOC. Since 
electrical charge is expected to flow primarily along the z-axis, this data is useful for 
understanding resistive losses within the system. The static (no-flow) data presented in 
Figure 20a initially exhibits a significant voltage drop within the first 0.5mm of slurry, 
with smaller voltage drops further from the current collector. However, as the system 
continues to charge, the observed voltage drop across the cell decreases, suggesting that 
the material is becoming charged and electronic current is decreasing. The large initial 
voltage drop, and relatively slow voltage rise indicate considerable resistive losses along 
the z-axis of the slurry. This behavior is apparent in both the positive and negative half 
cells, and appears to be quite symmetrical. It has previously been suggested that charge 
percolation under static conditions is largely governed by the formation of agglomerate 
networks31. The significant voltage gradients observed in the static data suggest that these 
agglomerate networks are not well developed. At the conclusion of the charging cycle (t 
= 0.5 hours), the slurry within each channel has not reached equilibrium with the current 
collector (i.e., is not completely charged), but appears to be relatively uniformly charged 
along the z-axis. In all cases, analogous behavior is observed during the discharge cycle. 
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Figure 20. Voltage distribution along the z-axis under a) static conditions, and b) continuous flow 
at 8 ml hr-1. Solid lines (─) indicate measurements from the positive half-cell, while dashed lines 
(---) indicate measurements from the negative half-cell. 0V on the vertical axis represents the 
resting potential of both electrodes at 0% SOC. 
Conversely, under flowing conditions (Figure 20b) the voltage distribution during 
charging appears to stabilize at constant values after several minutes, rather than 
continuing to rise like the static case. Similar to the potentiostatic charge/discharge data, 
this behavior suggests that under continuous flow conditions the system reaches a quasi 
steady state where the current supplied is balanced by the flux of uncharged slurry 
entering the cell. Moreover, the initial voltage drop from 0 to 0.5 mm appears to be 
reduced as compared to the static case. This observation suggests that the interfacial 
resistance between the current collectors and the slurry is reduced under the influence of 
flow, in contradiction to previous suggestions31. Additionally, the voltages measured 
within the channel do not appear to converge with time, but rather reach distinct steady 
state values according to their distance from the current collector. This may be explained 
by a stratified charging regime arising under continuous flow conditions, which gives rise 
to significant SOC gradients along the z-axis of the channel. 
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In order to further investigate these effects, the distributed measurement data was 
used to parameterize the equivalent circuit given in Figure 19a. The estimated circuit 
parameters are summarized in Table 1. Clearly, the dominant resistive contribution in the 
cell comes from electronic percolation through the solid matrix of particles. In fact, all 
other series resistances, including the interfacial resistance, are negligible in comparison. 
Interestingly, Re under flowing conditions is less than half the value of Re under static 
conditions. This observation is consistent with previous studies31, and may be explained 
by the increased frequency of particle-particle interactions expected under flowing 
conditions, where electrical contacts are frequently disrupted and reestablished. In 
contrast to this, charge percolation under static conditions is dependent on the presence of 
aggregate chains of particles to act as conduction pathways, and is thus controlled by the 
composition of the slurry (e.g., particle size, surface chemistry, salt concentration, etc.). 
Table 1. Estimated model parameters for the z-axis equivalent circuit model. 
 
Although conduction within the slurry appears to be significantly enhanced by 
introducing flow, the apparent capacitance of the slurry is reduced by an order of 
magnitude. This effect is believed to be the result of the significantly shorter residence 
time and stratified charging regime observed for flowing conditions. In static mode, the 
effective residence time for the slurry is 1800 seconds, while at a flow rate of 8 ml/hr, the 
Flow rate 
(ml/hr) 
Rif 
(µΩ) 
Re 
(Ω) 
Ri 
(µΩ) 
Rsep 
(nΩ) 
Rshunt 
(kΩ) 
C 
(F) 
0 14400 75.2 5.6 8.2 2.9 0.72 
8 2.3 35.4 0.00007 33973 3.0 0.07 
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residence time is 160 seconds (<10% versus static). Considering the significant charging 
rate limitations imposed by the large electronic resistance and the diffusion of ions within 
the pores of the material (which is not directly captured in the present model), formation 
of the EDL is likely limited to the exterior surface and the outer pore structure. 
Additional residence time may be necessary to allow ions to penetrate the deeper pores 
and fully utilize the available capacity of the material. 
To better understand these limitations and their effect on material utilization, the 
parameterized model was used to predict additional system parameters. Specifically, the 
distribution of the capacitive charging current (i.e., the current supplied directly to the 
flow capacitor element), SOC, and the locally stored charge were extracted from the 
equivalent circuit model, and shown in Figure 21. Under static conditions, the capacitive 
charging current (Figure 21a) is initially concentrated near the current collectors, and 
then begins to propagate away as the material nearest the current collectors saturates with 
charge. After ~450 seconds, the capacitive charging current begins to decrease across the 
cell as the average (SOC) rises. Conversely, under flowing conditions the capacitive 
charging current (Figure 21b) remains primarily concentrated near the current collectors, 
demonstrating a stratified charging regime and suggesting that the material further from 
the current collectors is not being well utilized. The SOC distribution (Figure 21d) 
reinforces this notion - at the conclusion of charging, the SOC varies from 71% near the 
current collectors to 21% near the separator (a 50% difference). Conversely, for the static 
case (Figure 21c) the SOC along the z-axis varies from 87% near the current collectors to 
57% near the separator (a 30% difference). 
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It is important to note, however, that SOC is normalized with respect to the apparent 
capacitance, C, which is not constant between the two cases presented. Thus, it is 
instructive to use an absolute parameter, such as the locally stored charge in each slice of 
the cell (Figure 21e-f), to compare these two cases. When compared side-by-side, the 
effects of slurry flow on material utilization are apparent.  At 1800 seconds, the volume-
averaged locally stored charge for flowing conditions (Figure 21f) is ~5.5% of that for 
static operation (Figure 21e). Even the material directly adjacent to the current collectors 
is poorly utilized under flowing conditions. This is likely due to the slurry’s very high 
electrical resistance, coupled with a stratified charging regime and an insufficient 
residence time. Accordingly, maximizing slurry conductivity and developing cell designs 
which minimize charge transport length scales must be a priority. The effect of slurry 
residence time is explored further in the following sections. 
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Figure 21. a,b)Capacitive charging current, c,d) state-of-charge, and e,f) locally stored charge 
distributions along the z-axis under static conditions and continuous flow at 8 ml hr-1. The 
position measurements are referenced to the positive current collector. 
4.5 X-Axis Resolved Measurements and Simulations 
The same approach was applied to investigate the changes occurring in the slurry as it 
flows along the channel (x-axis). The measured voltage distributions for both static and 
flowing (8 ml/hr) conditions are presented in Figure 22. For static conditions (Figure 
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22a), the voltage distribution is relatively uniform during both charging and discharging. 
This is to be expected, since there should be minimal spatial variations along the x-axis in 
the absence of flow. The introduction of flow creates a voltage gradient along the length 
of the channel, which converges to a quasi-steady state after a short time. This is similar 
to the z-axis resolved data, and is believed to be the result of the balance between the 
supplied uncharged material at the inlet of the cell and the supplied current during 
charging. The converse is true for discharging as well. 
 
Figure 22. Voltage distribution along the x-axis under a) static conditions, and b) flow at 8 ml hr-
1. Solid lines (─) indicate measurements from the positive half-cell, while dashed lines (---) 
indicate measurements from the negative half-cell. 0V on the vertical axis represents the resting 
potential of both electrodes at 0% SOC. 
Once again, the distributed voltage measurements were used to parameterize the 
equivalent circuit model shown in Figure 19b. The estimated parameters are summarized 
in Table 2. It should be noted that the parameters summarized in Table 2 are not directly 
comparable to the values in Table 1 due to the differences in the equivalent circuits 
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corresponding to each set of values. For both the static and flowing cases, we again find 
that the electrical resistance in the solid phase of the slurry dominates, while the ionic 
resistance is negligible in comparison. Similarly, the electronic resistance is observed to 
decrease significantly with the onset of flow due to increased frequency of particle-
particle interactions. The estimated capacitance values are very similar in both cases.  
Table 2. Estimated model parameters for the x-axis equivalent circuit model. 
 
With these estimated parameter values, we used the equivalent circuit model to 
predict the capacitive charging current, SOC, and locally stored charge along the length 
of the channel (Figure 23). These simulation results confirm that the capacitive charging 
current along the x-axis of the cell is quite uniform under static conditions (Figure 23a), 
similar to the measured voltage distribution. Under static conditions, the SOC across the 
cell reaches 91% (Figure 23c). With the onset of flow, a significant gradient in both 
capacitive charging current (Figure 23b) and SOC (Figure 23d) develops, such that the 
highest capacitive charging current occurs at the inlet, where uncharged slurry is 
introduced to the system and thus the SOC is the lowest. At the outlet of the cell, the 
predicted SOC at the end of the charging cycle is 85%. Comparing the locally stored 
charge between the two cases, we see that the slurry reaches ~0.042 C at the outlet of the 
cell (x = 31mm) for the flowing case (Figure 23f), which is comparable with the average 
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0 331.3 0.009 3.2 0.11 
8 221.2 18.55 1.2x10
10
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local charge obtained under static conditions (0.05 C, Figure 23e). This suggests that the 
residence time associated with the flowing conditions (160 seconds) is sufficient to 
achieve reasonable charging of the material versus static operation. However, it is 
important to consider that the equivalent circuit model used for these simulations 
implicitly assumes isotropic behavior along the z-axis. Thus, both datasets (x and z axes) 
should be considered simultaneously to evaluate residence time.  
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Figure 23. a,b) Capacitive charging current c,d) state-of-charge and e,f) locally stored charge 
distributions along the x-axis under static conditions and continuous flow at 8 ml hr-1. The 
position measurements are referenced to the inlet of the cell. 
4.6 Residence Time, Parasitic Effects, and Additional Considerations 
Due to their flowing nature, residence time is a very important consideration for the 
EFC and other flowable electrode systems. Unlike flow batteries, the EFC is a single-pass 
system, that is; slurry is not recirculated during a given charging or discharging cycle. 
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Therefore, the material must be fully charged/discharged in a single pass through the cell. 
A similar issue exists in SSFC and other flowable electrode systems. The time constant of 
the system, τ, is a critical parameter for determining the appropriate residence time. For 
capacitive systems, the time constant dictates the charging behavior according to: 
 𝑆𝑆𝐶(𝑡) = 1 − 𝑒−𝑖 𝜏�  (9) 
If the time constant of the system is known and a maximum desired SOC, SOCmax, is 
specified, the theoretical residence time can be approximated as: 
 𝑡𝑠𝑚𝑠 = −𝜏 ∙ ln (1 − 𝑆𝑆𝐶𝑚𝑚𝑓) (10) 
However, determining the residence time is a non-trivial task. Indeed, the system may 
be found to have multiple, coupled time constants, as is the case for the equivalent circuit 
shown in Figure 19a. In these cases, it is desirable to obtain a single, approximate time 
constant to describe the system. The simplest way to accomplish this is to utilize a 
parallel configuration of repeating segments to describe the system, as in Figure 19b. 
Using the simple series time constant determined from the data in Table 2 was found to 
provide a reasonable approximation of SOCmax for the flowing case (88.9% from Eq. 7 
versus 85.3% from simulations). The resulting discrepancy is believed to be the result of 
parasitic losses with the flowable electrode. 
Parasitic losses due to faradaic processes or shunt currents can have a significant 
effect on the performance and material utilization. In this study, parasitic losses due to 
faradaic reactions were accounted for using the parallel resistor, Rshunt. These processes, 
and their electrical analog, continuously dissipate charge during charging, open-circuit, 
and discharging conditions. Aside from the obvious effect that this will have on 
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coulombic efficiency, these currents also cause a parasitic voltage drop within the 
material, such that the potential in the bulk will never reach equilibrium with the applied 
potential at the current collector. As a result, the bulk material will never reach 100% 
SOC, but rather will asymptote to reduced SOC limit. The theoretical SOC limit 
(SOClimit) for a single circuit segment used in this work can be explicitly determined 
from: 
  
1
𝑆𝑆𝐶𝑖𝑖𝑙𝑖𝑙
= 𝑅𝑠𝑖𝑠𝑖𝑖𝑠
𝑅𝑠ℎ𝑢𝑢𝑙
+ 1 (11) 
where Rseries is the equivalent series resistance (Rseries = Re in this study). Using the 
static equivalent circuit parameters given in Table 2 as an example, we find the SOClimit 
= 90.6%, which agrees very well with the observed trend in Figure 23c. 
The spatial and temporal limitations observed in this study highlight several areas of 
interest for EFCs, and flowable electrode systems in general. The losses observed are 
primarily related to three factors; slurry conductivity, cell transport lengths, and parasitic 
effects. The percolation of electrons through the solid phase of the slurry is governed by 
particle-particle interactions, and intra-particle conduction. Accordingly, the overall 
electronic conductivity of the slurry can be tailored by carefully controlling numerous 
factors such as slurry composition (mass fraction), the conductivity of the constituent 
materials, salt concentration in the electrolyte, and flow rate. Utilizing higher mass 
fractions of carbon within the slurry can increase the electrical conductivity by providing 
a more dense mobile network with more paths for charge to percolate through. Increasing 
the solid mass fraction has the additional benefit of increasing the volumetric capacitance 
of the slurry as well37. However, these improvements in electrochemical behavior must 
be balanced with the corresponding increase in viscosity37, which necessitates additional 
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pumping power. Similarly, the various solid particles may be used as the active material 
in the slurry to improve the conductivity. However, the effect of material choice on 
capacitance and rheology must again be carefully balanced against improvements in 
capacity. For example, carbon nanotubes offer a very high electrical conductivity, but 
their capacitance is limited compared to activated carbons.  
The concentration of salt in the electrolyte can be used to tune the agglomeration 
characteristics of the suspension, leading to improved electronic and ionic conductivity of 
the slurry31. Finally, the introduction of flow has been shown to improve electronic 
conductivity within the slurry31, although this effect is not well understood. It is believed 
that disturbances in the slurry due flow increase the frequency of particle-particle 
interactions, resulting in more facile percolation within the slurry. 
Another approach to reducing the resistance within the system is to optimize the flow 
cell to reduce the charge transport lengths. The flow channels used in this work are quite 
thick (1500 µm) compared to conventional film electrodes, which are typically 100 to 
200 microns or less in thickness. The thickness of the flow channel has been shown to 
give rise to significant underutilization of the available material in previous studies31. 
However, the flow cell must be designed to balance the electrochemical performance of 
the system with the pumping power required to pump slurry through the cell. At very 
small channel depths, the pressure drop across the cell is expected to increase 
significantly. However, due to the shear thinning nature of slurries, the observed pressure 
drop will likely be less than for an equivalent Newtonian fluid. 
Finally, the parasitic losses within the system must be carefully managed. The 
asymptotic SOC behavior observed in Figure 21c is believed to be the result of parasitic 
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losses within the flowable electrode. Parasitic losses may arise from faradaic processes 
occurring within the slurry, or due to shunt currents between the two half-cells. Shunt 
currents are a particular concern in flowable electrodes, as the smallest suspended 
particles, or particle wear debris, are mobile and thus may pass through the pores of the 
separator leading to a short circuit. For this reason, the separator must have a pore size 
which excludes these solid particles. Similarly, effort should be made to ensure the purity 
of the slurry to minimize the likelihood of faradaic processes. Additionally, operating 
voltage window should be carefully monitored against a reference electrode to avoid 
decomposition of the electrolyte. 
4.7 Conclusions 
In this work, a coupled experimental and modeling approach was presented to study 
spatial and temporal limitations in flowable electrode systems, and these techniques were 
subsequently applied to an electrochemical flow capacitor system as a case study. 
Distributed voltage measurements were obtained in-situ along two axes of the cell during 
static (no flow) and continuous flow operation at 8 ml/hr. These distributed 
measurements, while quite valuable on their own, were further used to parameterize 
equivalent circuit models in order to predict additional phenomena occurring during 
operation.  The equivalent circuit models used included a newly introduced ‘flow 
capacitor’ circuit element, which accounts for the transfer of charge within the working 
fluid of the system. From these models, it was observed that the majority of charging 
occurs in the slurry directly adjacent to the current collectors resulting in significant 
gradients of charge along z-axis of the cell, particularly during continuous flow operation. 
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As a result, the overall utilization of the available active material is significantly reduced, 
as evidenced by the ~20x decrease in volumetric capacitance during continuous flow 
operation. These adverse conditions are in part attributed to the relatively high electronic 
resistance in the slurry, which is governed by particle-particle interactions and thus is less 
facile than in solid-state electrodes.  
Additionally, the time constant of the system is shown to be a critical parameter when 
considering the residence time of the system. These two factors impose a maximum state-
of-charge limitation on the system (88.9% for this study), and must be carefully 
considered when designing new systems. The state-of-charge is further limited by the 
presence of parasitic losses within the slurry. In addition to consuming charge within the 
slurry, these losses also give rise to a fundamental state-of-charge limitation, regardless 
of the charging time.  
Although the results in this study are specific to EFC systems, the conclusions 
reached are believed to be typical of flowable electrode systems in general due to the 
shared dependence on particle-particle interactions to percolate charge. The distributed 
measurements revealed the possibility of the existence of significant spatial gradients 
within the flow cell which act to lower the system efficiency and material utilization. The 
majority of the observed losses are linked to the relatively high resistance of the slurry, 
highlighting the need to develop highly conductive slurries and cell designs which 
minimize the charge transport length-scales, while simultaneously minimizing parasitic 
effects.*  
                                                 
* Portions of this chapter have been reproduced under the Royal Society of Chemistry Rights Retained by 
Journal Authors from: Dennison, C. R. et al., In situ distributed diagnostics of flowable electrode systems: 
resolving spatial and temporal limitations. Physical Chemistry Chemical Physics 16, 18241-18252, (2014). 
74 
 
Chapter 5. Self-Discharge Studies 
5.1 Introduction: Self-Discharge Processes 
One important consideration for any technology intended to time-shift energy is the 
self-discharge behavior of the system. The rate and relative magnitude of these losses can 
play a critical role in determining potential applications, and could indeed undermine the 
technical viability of a technology. Accordingly, it is critical to quantify these losses and 
identify strategies to mitigate them, if necessary. 
Conventional supercapacitors exhibit a decrease in cell voltage (and thus stored 
energy) when left at open-circuit conditions for a long period of time. The rate of self-
discharge is much greater for supercapacitors compared to batteries, and represents a 
major barrier to their application for long term energy storage. 
Fundamentally, this decrease in cell voltage can be caused by two primary 
mechanisms; charge dissipation and ion redistribution. During charge dissipation, 
adsorbed charges are released from the surface of the electrode, causing a decrease in 
voltage and recoverable charge. It is believed that electrical shunt currents may contribute 
significantly to the magnitude of charge dissipation. Alternatively, adsorbed ions may 
participate in undesirable redox process, also producing a decrease in both voltage and 
recoverable charge. During ion redistribution, adsorbed charges may be redistributed on 
the surface of the electrode, moving to the lowest energy state. No charge is lost in this 
process, but voltage is reduced as a result. 
The EFC provides a unique platform from which to study these processes, and may 
actually exhibit greatly improved self-discharge characteristics as compared to 
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conventional supercapacitors. In the EFC, charged slurry is stored in reservoirs which are 
both electrically and ionically isolated. It is believed that the high level of isolation of 
these materials has the potential to eliminate charge dissipation as a cause of self-
discharge. Even in an ideal static supercapacitor which has absolutely no electrical shunt 
losses, the ionic bridge across the separator provides a path for thermodynamic processes 
between electrodes to occur, leaving open the possibility for charge dissipation. All of 
these processes can be theoretically eliminated in the EFC, enabling the possibility to 
quantify the magnitudes of both charge dissipation and ion redistribution.  However, due 
to the mobility of the electrode in suspension in the EFC, additional loss mechanisms  are 
foreseeable which are not present in conventional supercapacitors. For example, charge 
may be shed from the exterior surfaces of particles due to viscous interactions with 
surrounding electrolyte, or due to collisions with other particles. Additionally, as seen in 
Chapter 4, in the current state of development, significant voltage gradients can develop 
within the EFC cell during operation, limiting the maximum achievable SOC. Under 
static conditions, these gradients would naturally equilibrate given sufficient time. 
However, under the influence of flow, regions of highly charged slurry will be mixed 
with uncharged slurry, significantly decreasing the time needed to reach equilibrium. 
Moreover, this subsequent redistribution of charge will result in additional ohmic losses 
as charge is passed back and forth amongst the particles, reducing the practical efficiency 
even further. 
Although it has been a top priority to quantify the magnitude and rate of these losses 
since the conception of the EFC, reliably measuring the self-discharge and distinguishing 
the loss mechanisms acting in the system remains a significant technical challenge. The 
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objective of this chapter is to make an initial assessment of the magnitude of self-
discharge in EFCs. 
5.2 Baseline Measurements Under Static Conditions 
Prior to evaluating the self-discharge behavior in the EFC, it is necessary to establish 
a baseline. However, rather than comparing the EFC to a conventional supercapacitor 
based on film electrodes, cells containing slurry electrodes were built and tested. In this 
way, it is possible to separate the effects of flow/storage from the effects of simply using 
a slurry electrode in place of a film electrode. 
In the proof-of-concept study described in Chapter 2, the self-discharge behavior of 
static cells containing slurries based on aqueous (1M Na2SO4) and organic (1.25M TEA-
BF4)  electrolytes was tested by charging the cells and then measuring the open circuit 
voltage (OCV) decay over a 24 hour period (Figure 24). After 24 hours, the aqueous 
slurry had lost 84% of its initial voltage, corresponding to a linearized self-discharge rate 
of 0.03 V/hr. The slurry based on organic electrolyte exhibited significantly less self-
discharge (15%). While this result is promising, organic electrolytes present many 
practical and experimental challenges compared to aqueous electrolytes (must be handled 
in a dry, inert atmosphere, more expensive, etc.) . Thus, aqueous electrolytes are the 
focus in the following sections. 
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Figure 24. Self-discharge over 24 hours for static slurries based on aqueous (1M Na2SO4) and 
organic (1.25M TEA-BF4)  electrolytes 
In a later study, the self-discharge of another aqueous slurry was examined. In this 
case, a much shorter time period (3 hours) was considered (Figure 25). A total voltage 
decay of 25% was observed after 3 hours. This corresponds to a linearized self-discharge 
rate of 0.06 V/hr, ~2x higher than observed in the previous study. 
 
Figure 25. Self-discharge of an aqueous slurry over 3 hours. 
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It should be noted that the self-discharge behavior is actually non-linear. Thus, the 
linearized self-discharge rate may not be the most appropriate metric to compare two sets 
of data. Of course, an appropriate non-linear function could be fit to the data to enable a 
better comparison. However, for the methods presented in subsequent sections, it was not 
possible to obtain time-resolved OCV decay measurements because the slurry is stored in 
electrical isolation (a complete circuit is necessary to perform voltage measurements). In 
these cases, the slurry voltage just prior to storage and immediately after storage are the 
only values known. Since only two data points are available for these later measurements, 
the linearized approximation is applied as a simplification. 
5.3 Dilution/Concentration Method 
One of the earliest attempts to study self-discharge during storage in the EFC 
involved a ‘dilution/concentration’ approach. At the time, achieving reliable flow 
throughout the system without clogging was still a major concern. Accordingly, a highly 
dilute slurry of Mast carbon spheres was utilized to maximize flowability. Fine mesh 
screens were installed at the outlets of the cell in order to prevent the carbon spheres from 
leaving the cell (Figure 26).  
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Figure 26. Schematic showing the placement of the filtering screens used in the 
dilution/concentration method. 
In this way, as the dilute slurry was pumped through the cell the particles would be 
screened at the outlet, effectively creating a highly concentrated packed bed of particles 
inside the cell. The cell was then charged at 1V for 1 hour. Once charged, the particles 
were then pumped into polymer tubing outside of the cell. Here again, the particles were 
concentrated within the tubing using fine mesh screens, and stored for a period of ~5 
hours (Figure 27).  
 
Figure 27. Image showing the accumulated slurry stored inside the polymer tubing. 
After storage, the particles were returned to the cell, and the residual voltage was 
measured. It was observed that after charging, the slurry had an OCV of ~1V. However, 
after 5 hours of storage, the slurry voltage had decreased to ~0.4V, corresponding to a 
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linearized self-discharge rate of ~0.12 V/hr. This self-discharge rate is approximately 2x 
larger than what has been observed in the baseline datasets. 
 
Figure 28. Measured cell voltage during self-discharge experiment using the 
concentration/dilution method. 
To determine how much charge remained within the slurry after storage, the system 
was discharged at 0V. After 1 hour, only 28.2% of the original charge was recovered. 
However, the discharge was allowed to proceed for a total of 6 hours, at which time 
47.5% of the original charge had been recovered. 
From these results, it is apparent that the self-discharge under these conditions is 
significant compared to the baseline data. >50% of the stored charge was lost due to 
charge-dissipation mechanisms, resulting in an expected voltage loss of ~0.5V (due to the 
linear relationship between SOC and OCV). However, the actual voltage loss was ~0.6V, 
and the remaining 0.1V loss is believed to be due to ion redistribution effects. 
Additionally, it was observed that the energy could not be recovered at the same rate at 
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which it was supplied. Rather, it took nearly 6x the initial charging time to recover the 
remaining stored charge. 
5.4 Ionically-Isolated Static Cell 
Based on the large self-discharge observed using the dilution/concentration method, 
another method was devised to attempt to eliminate any additional losses due to flow 
effects. For this method, the cell was filled with slurry and charged at 1V for 1 hour. 
After charging, the cell was carefully opened and a solid sheet of insulating PTFE was 
installed between the two halves, and the cell was reassembled (Figure 29). The PTFE 
sheet acted as an ion barrier, breaking the ionic connection between the two half-cells. In 
this way, the slurry in each half-cell was electrically confined, as it would be inside of 
storage tanks, without being disturbed by pumping. 
 
Figure 29. A sheet of PTFE was installed between the two halves to ionically insulate the two 
halves during the self-discharge period. 
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After ~5 hours of ‘storage’, the PTFE sheet was removed, and the cell was 
discharged. For comparison, another cell was tested in the same manner, but without 
inserting the insulating PTFE layer during the self-discharge period. It was observed that 
the ‘ionically-isolated’ cell experienced a voltage decay of 79% during the storage 
period, while the conventional cell exhibited significantly greater self-self discharge 
(91%). The linearized self-discharge rates were found to be 0.14V/hr and 0.17 V/hr for 
the ionically-isolated and conventional cells, respectively. When the cells were 
discharged after storage, the conventional cell was found to retain 6% of its original 
charge, while the ionically-isolated cell retained 3x more charge (18%). These results 
show a clear reduction in self-discharge when the slurry is properly isolated during 
storage. However, in both cases self-discharge was severe. 
5.5 Self-Discharge in Isolated Reservoirs 
To more fully simulate the storage conditions that would be present in a full scale 
EFC system, actual storage reservoirs were added to the system. Incorporated into the 
design were the basic components necessary to periodically measure the voltage in the 
slurry during storage, namely: one voltage ‘sense’ probe at the inlet of each reservoir, and 
an ionic ‘salt-bridge’ between the two reservoirs (Figure 30).  
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Figure 30. Schematic representation of the isolated reservoir setup, including the 'storage cell' for 
measuring slurry voltage during storage. Please note that the syringes which were used as storage 
reservoirs are not shown. 
However, in an actual EFC, there would be no electronic or ionic connection between 
the two reservoirs, as this would provide a potential path for charge exchange between 
the two reservoirs. Accordingly, the salt bridge was designed using a valve which could 
be used to break the circuit in between voltage measurements (Figure 31). 
 
Figure 31. Photograph of the hardware used in the isolated reservoir setup, showing the 
‘breakable’ salt-bridge and the syringes used as storage reservoirs. 
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The salt bridge was packed with filtering felt and soaked in the appropriate electrolyte 
prior to use. As a consequence of  physical length of the salt bridge, the impedance of the 
storage cell was quite high. When measured using EIS, the impedance was found to be 
approximately 3.7 kΩ (Figure 32). This high impedance is advantageous for this 
application, because it presents greater resistance to charge exchange between the 
reservoirs while still allowing for accurate voltage measurements. When the impedance 
was measured with the valve closed, the EIS technique provided erratic results, as would 
be expected for an open circuit condition.  
 
Figure 32. Impedance of the salt bridge with the valve in the a) open, and b) closed positions. 
The erratic behavior seen in b) is indicative of an incomplete circuit. 
Using this setup, a set experiments similar to Section 5.3 was performed. Slurry was 
charged within the cell at 1V for 15 minutes. It was subsequently pumped  from the 
charging cell to the storage cell, where the OCV was recorded for an hour. As a 
comparison case, a similar experiment was performed where the slurry remained within 
the charging cell during the storage period, rather than being transferred to the storage 
cell. This condition is comparable to a static cell with slurry electrodes. 
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In this configuration, the slurry was observed to self-discharge significantly while 
being transferred to the storage cell. The slurry voltage upon reaching the storage cell 
was approximately 0.1V, indicating a 90% loss of voltage during the short trip from the 
charging cell to the storage cell (Figure 33). However, upon reaching the storage cell, the 
slurry voltage remained quite constant. This may indicate that the majority of losses 
observed are incurred during pumping, and the conventional self-discharge mechanisms 
are in fact mitigated by storing the slurry in isolated reservoirs. 
 
Figure 33. Comparison of self-discharge for slurry stored inside the charging cell, and slurry 
stored inside the holding area (‘storage cell’) 
5.6 Representative Self-Discharge Experiments 
Based on the surprisingly high self-discharge observed in previous experiments, 
efforts were made to simplify the measurements as much as possible, while still 
representing the fundamental operation of the system. Accordingly, the outlet tubing was 
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again used as the storage reservoirs where charged slurry was held for various lengths of 
time before being returned to the cell and discharged. Specifically, the slurry was allowed 
to rest for 0, 0.5, 1, and 3 hours. For the ‘0 hour’ case, the charged slurry was pumped 
outside of the cell, and then immediately returned to the cell and discharged. 
It was observed that for the ‘0 hour’ case, the slurry voltage has already decayed to 
0.46V. After allowing the slurry to rest outside the cell for 1 hour, the voltage had 
decayed to 0.35V, and further to 0.21V after 3 hours. These results represent linearized 
self-discharge rates of 0.65 V/hr and 0.26 V/hr, respectively (Figure 34). 
 
Figure 34. Voltage decay as a function of self-discharge time for the simplified measurements. 
Note that the normalized values (blue) are normalized with respect to the decay voltage at zero 
hours. 
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5.7 Preliminary Conclusions 
From the preliminary work presented in this chapter, it is possible to preliminarily 
asses the significance of self-discharge in the EFC. The baseline static cell tests exhibited 
an OCV decay of 15% after 3 hours, and 84% after 24 hours, corresponding to linearized 
self-discharge rates of 0.06 V/hr and 0.03 V/hr, respectively. The total OCV decay 
observed for the flowable system ranged from 60% to 90% over time intervals from 1 to 
5 hours. The concentration/dilution method produced the least self-discharge among the 
different methods tested with 60% voltage loss after 5 hours, which is significantly higher 
than the baseline data for a static system (43% decrease after 5 hours). 
It is believed that a large portion of the self-discharge observed in the EFC is due to 
the spatial gradients identified in Chapter 4. Using the simplified measurement approach, 
it was observed that a significant loss of voltage (54%) occurs immediately upon 
pumping of the slurry. Bearing in mind that for capacitive systems SOC is directly 
proportional to voltage (e.g. 1V = 100% SOC), this agrees well with the average SOC 
observed in Figure 21d from Section 4.4 in the previous chapter. Hence, it can be 
reasoned that the apparent voltage loss upon pumping is due to the equilibration of the 
SOC gradient across the cell due to deformation/mixing of the slurry (.i.e. highly charged 
slurry adjacent to the current collectors is mixed with partially charged slurry near the 
separator). If the slurry is left undisturbed (as is the case for the static cell measurements, 
Section 5.2), the SOC/voltage gradient across the cell will still approach equilibrium, 
albeit at a slower rate. In both cases, the equilibration of spatial gradients represents an 
‘apparent’ self-discharge mechanism, though it is not generally considered for solid-state 
(static) systems like supercapacitors and batteries. Additionally, it represents a 
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confounding factor in the design and analysis of self-discharge experiments, which 
generally assume that the cell is fully charged to the applied voltage. 
Another confounding factor which was noted during this work is related to the 
intermittent, batch operation used. All of the experiments described analyze a single slug, 
or aliquot, of slurry, and assume that the mass remains constant. However, it was noted 
that a film of slurry remains left behind inside the tubing/reservoirs after the slurry is 
returned to the cell. The mass and charge stored in the residual film is essentially lost, and 
may also contribute to the severe self-discharge observed. The solution to this problem is 
to move away from the ‘single slug’ approach, and utilize larger amounts of slurry. 
The results observed here do suggest that storing charged slurry in 
electrically/ionically isolated reservoirs reduces the magnitude of charge lost during 
storage. The experiments performed using the ionically-isolated static cell (Section 5.4) 
showed 3x higher charge retention when the slurry was isolated. This result is further 
supported by the relatively constant slurry voltage observed when the slurry was stored 
outside the cell in isolated reservoirs (Figure 33). 
Although the self-discharge behavior observed in this chapter is quite significant, it 
should be emphasized that these results are preliminary and are likely impacted by the 
confounding factors discussed previously. The overall self-discharge behavior can likely 
be significantly improved by increasing the slurry conductivity in order to reduce 
gradients within the cell. Additionally, extending the charging time, reducing impurities, 
and utilizing a reference electrode to properly manage cell voltage have been shown to 
reduce self-discharge. While the results presented in this chapter provide a general 
indication of the current state of self-discharge for EFCs, much work is still needed to 
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understand which self-discharge mechanisms are most prevalent in the system, and how 
they can be mitigated. 
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Chapter 6: Conclusions & Future Work 
6.1 Conclusions 
The overall objective of this PhD study was to demonstrate the technical viability of 
the EFC concept, and the establish a scientific framework to assess the key linkages 
between slurry composition, flow cell design, operating conditions, and system 
performance. To accomplish these goals, an approach combining both experimental and 
computational studies was utilized. The overarching fundamental conclusions from this 
dissertation work are as follows: 
 The technical viability of the Electrochemical Flow Capacitor concept has 
been demonstrated. Charge can be capacitively stored in a suspension 
electrode. The rheology of such suspension electrodes permits flowability. A 
substantial amount of the stored charge is retained after hydraulic handling 
(pumping). 
 The electronic conductivity of the flowable suspension electrode is critical and 
should be a primary consideration in system design. The electronic 
conductivity of the slurry is affected by many factors including flow rate and 
salt content. 
 System design and operation play a critical role in the performance of the 
system. Significant spatial and temporal limitations can arise during operation, 
and may be sufficient to undermine the practical viability of the technology. 
In addition to these overarching conclusions, the following important conclusions 
were also obtained from this work. 
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6.1.1 Proof-of-Concept 
 The EFC represents a new conceptual approach to electrical energy storage 
system design 
 As the flowable analog to conventional supercapacitors, the EFC has the 
potential to exhibit extremely long cycle lifetime (>1M cycles) and high 
efficiency, while providing much greater scalability for grid-scale 
applications. 
 Capacitive carbon slurries exhibit non-Newtonian shear thinning rheological 
behavior, with viscosities similar to motor oil. 
 Very respectable gravimetric capacitances up to 109 F/g were demonstrated 
for flowable, aqueous slurries under static operation. This corresponds to an 
energy density of ~0.3 Wh/L, which is comparable to water stored at 100m 
height. 
 The energy density can be further increased to 3.7 Wh/L by using alternative 
(organic) electrolytes with a larger stable voltage window. 
 Carbon slurries can undergo more than 2000 cycles while maintaining >98% 
coulombic efficiency. 
 Coulombic efficiencies of up to 97.7% are achievable in an intermittent flow 
operation, when correcting for leakage current. 
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6.1.2 Charge Percolation in Suspended Media 
 The concentration of ions in the surrounding electrolyte can have a significant 
influence on the electronic conductivity by altering the magnitude of Debye 
screening between particles 
 Interfacial resistance is minimized for no-flow and high flowrate (10 ml/min) 
conditions 
 Channel depth has an effect on the total resistive losses present within the 
system. 
 At small channel depths, very respectable intrinsic capacitance values are 
possible (up to 150 F/g). However, as the channel depth increases, the 
available capacitance becomes increasingly underutilized. 
6.1.3 Localized Effects During Operation 
 The experimental distributed diagnostics approach that was developed is 
effective for obtaining spatially/temporally resolved voltage data, and is 
broadly applicable to all other flowable electrode systems. 
 The experimentally-parameterized equivalent circuit modeling approach that 
was developed is a valuable tool for predicting additional spatially/temporally 
resolved distributions. 
 The ‘flow capacitor’ circuit element that was developed provides a simple 
mathematical framework to account for the hydraulic transport of charge 
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within the flow cell during operation. Moreover, it is broadly applicable to 
equivalent circuit models for other flowable electrode systems. 
 The majority of charging occurs directly adjacent to the current collectors, 
resulting in significant gradients of charge along the z-axis (from current 
collector to separator) of the cell. As a result, the overall utilization of the 
available active material is significantly reduced, as evidenced by the ~20x 
decrease in volumetric capacitance observed during flow operation. 
 The time constant of the system  is shown to be a critical parameter when 
considering the residence time of the system 
 These two factors impose a maximum state-of-charge limitation on the system 
(88.9% in the work presented), and must be carefully considered when 
designing these systems. 
 The state-of-charge is further limited by parasitic losses within the slurry, 
which both consume charge and create an intrinsic steady state voltage 
gradient within the cell. 
 Much of the underutilization observed in this study is due in part to the 
resistive losses present within the slurry. 
 Developing highly conductive slurries, cells which minimize the charge 
transport length-scales, and minimizing parasitic effects should be primary 
concerns in the future development of these systems. 
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6.1.4 Self-Discharge 
  The baseline static cell tests exhibited an OCV decay of 15% after 3 hours, 
and 84% after 24 hours, corresponding to linearized self-discharge rates of 
0.06 V/hr and 0.03 V/hr, respectively.  
 The total OCV decay observed for the flowable system ranged from 60% to 
90% over time intervals from 1 to 5 hours.  
 The concentration/dilution method produced the least self-discharge among 
the different methods tested with 60% voltage loss after 5 hours, which is 
significantly higher than the baseline data for a static system (43% decrease 
after 5 hours). 
 It is believed that a large portion of the self-discharge observed in the EFC is 
due to the spatial gradients identified in Chapter 4.  
 These gradients represent a significant confounding factor in the design and 
analysis of self-discharge experiments, which generally assume that the cell is 
fully charged to the applied voltage. 
 Additionally, a residue of charged carbon slurry, left behind in 
tubing/reservoirs, is believed to significantly contribute to the magnitude of 
self-discharge observed. 
 The results suggest that storing charged slurry in electrically/ionically isolated 
reservoirs reduces the magnitude of charge lost during storage.  
 Eliminating the confounding factors discussed may significantly reduce the 
magnitude of self-discharge. 
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6.2 Suggestions for Future Work 
From a fundamental standpoint, flowable electrode systems present many interesting 
research opportunities which affect many areas of science; rheological science, 
electrostatics, materials engineering, mechanical engineering, and chemistry, among 
others. While this dissertation work provides preliminary insight into the processes 
happening within the flowable electrode, the following recommendations would 
complement the present work. 
It was observed that there is a strong coupling between flow conditions and the 
electronic conductivity of the slurry. However, the exact mechanism for charge 
percolation remains unclear. It was initially presumed that particles are forming 
agglomerate chains through which electrons can freely percolate. However, it has also 
been proposed that single particles may become highly charged at the surface of the 
current collector, and then travel into the bulk slurry. When these highly charged particles 
eventually collide with particles at a lower state of charge, a charge exchange will occur. 
This mechanism may be thought of as single-particle shuttling of charge. Understanding 
the fundamental mechanism for charge percolation will provide a greater understanding 
of how shear stress during flow affects conductivity. 
Additionally, it is possible that the conductivity of the flowable electrode is affected 
by the state-of-charge of the individual particles. As charge accumulates on the individual 
particles, Debye screening may become significant, causing the particles to be more 
likely to agglomerate. In such a case, the conductivity is expected to improve at higher 
states-of-charge. This behavior would give rise to a dynamic conductivity phenomenon, 
and would need to be considered during system operation and analysis. 
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In terms of design, reducing the resistive losses in the system should be considered a 
top priority. Improving the bulk conductivity of slurries through the addition of 
conductive additives, increased solid loading, etc. may be investigated. Other slurry 
modifications, such as the ion concentration, pH, surface chemistry of the particles, etc. 
may be considered to enhance agglomeration of the particles and improve conductivity. 
In parallel with these efforts, cell designs which minimize charge transport lengths should 
be investigated. This may be accomplished by reducing the depth of the flow channel, or 
through other means. However, these efforts would need to be balanced by managing the 
pressure drop across the cell. 
Finally, follow-on studies investigating self-discharge phenomena are recommended. 
The EFC architecture provides a unique platform for studying self-discharge in EDL-
based systems because the slurry can be stored in complete electrical/ionic confinement. 
This work identified several confounding factors which would need to be addressed in 
future studies in order to avoid spurious conclusions. By controlling for these factors, it 
should be possible to separate the individual contributions of charge dissipation and ion 
redistribution, and develop mitigation strategies for each. 
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